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Optical  Second  Harmonic  Generation  In  Tissue;  Second  Harmonic  Generation  In 
Collafen;  Glutathione  SH6;  Mechanisms;  Conversion  Efficiency;  Significance 
of  order 


Radiation  which  appeared  to  be  due  to  optical  second-harmonic  generation  (SHG) 
at  347  nm.  was  observed  from  cornea,  tendon,  sclera,  and  skin  on  694  nm. 

Q- switched  ruby  laser  Irradiation.  A  possible  source  of  this  second-harmonic 
generation  was  tissue  collagen;  because  of  high  tissue  content  and  relatively 
high  order.  SHG  was  also  observed  from  glutathione,  but  not  from  the  lens; 
and  from  frog  skeletal  muscle.  Studies  were  consequently  conducted  on  purified 
collagen  fibers;  SHG  was  observed  from  a  commercial  preparation.  Collagen  order 
*““  reduction  In  conversion  efficiency  at  347  nm.  was 


Is  reduced  near  60*C. 


tm  n 


20  (continued) 

observed  when  cornea  and  tondon  were  heated  above  the  collagen  phase  transformation 
temperature.  Therefore,  the  collagen  component  of  tissue  may  be  the  principal 
site  for  the  SNG.  Experiments  on  normal  corneas  showed  the  347  nm.  scattering 
pattern  to  more  closely  resemble  coherent  second -harmonic  generation  from  a 
crystalline  material  than  It  did  Incoherent  second-harmonic  generation  from 
an  amorphous  material.  Corneal  models  for  SHG  were  developed.  The  observed 
conversion  efficiency  of  the  normal  cornea  was  In  much  better  agreement  with 
that  calculated  for  coherent  than  for  Incoherent  conversion.  The  reduction  In 
conversion  efficiency  for  corneas  treated  above  the  collagen  phase  transformation 
temperature  was  explained  as  a  reduction  In  coherent  second-harmonic  generation  In 
corneal  stroma  ladfillae  due  to  a  decrease  In  collagen  fibril  order. 


The  findings  In  this  report  are  not  to  be  construed  as  an 
official  Department  of  the  Am\y  position  unless  so  designated 
by  other  authorized  documents. 
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Abstract 


Tha  ■ pacific  concern  of  this  volume  is  tba  generation  of  optical 
sacond-haraonlc  radiation  In  biological  tlssua  at  an  ultraviolet  wave- 
langth  of  347  an  on.  Irradiation  with  a  Q- suit chad  ruby  laaar  at  a  vlsibla 
wavalangth  of  694  na. 

Radiation  which  appaarad  to  ba  dua  to  optical  sacond-haraonlc 
ganaratlon  was  obaarvad  froa  cornaa,  t and on,  aclara,  and  skin.  It  was 
surnlaad  that  tha  poaslbla  aourca  of  tha  sacond-haraonlc  ganaratlon  in 
thasa  tiaauaa  was  tha  eollagan  eoaponant,  a Inca  lc  is  prasant  In  high 
eoncantratlon  and  appaars  to  hava  a  ralativaly  high  dagraa  of  ordar.  Sacond- 
haraonlc  ganaratlon  was  also  obaarvad  froa  a  erystallina  preparation  of 
glutathione,  but  not  froa  tha  lana  for  which  it  is  a  constituent.  Frog 
skeletal  auade  also  produced  sacond-haraonlc  radiation. 

Since  aecond-haxnonic  ganaratlon  was  observed  in  collagenous  tissue, 
studies  wars  carried  out  on  purified  collagen  fibers.  Sacond-haraonlc 
ganaratlon  was  observed  froa  a  coaaerclal  preparation  of  collagen. 

Thera  is  a  phase  transformation  for  eollagan  in  tlssua  near  60° C 
where  tha  collagen  molecules  unwind  into  three  random  coll  chains.  The 
ordar  within  the  collagen  eoaponant  of  tha  tlssua  is  thereby  reduced,  A 
large  reduction  In  tha  sacond-haraonlc  conversion  efficiency  at  347  na  was 
observed  whan  cornea  and  tendon  ware  heated  above  the  eollagan  phase 
transformation  temperature.  These  results  ware  a  further  indication  that 
tha  collagen  eoaponant  of  tlssua  aay  ba  tha  principal  site  for  optical 
sacond-haraonlc  generation  at  347  sa. 


Then  is  a  predicted  difference  in  ehe  scattering  patterns  for 
second-hamoni c  radiation  from  crystalline  (ordered)  and  amorphous  (dis¬ 
ordered)  aedia.  Experiments  carried  out  on  normal  corneas  showed  the 
347  nm  scattering  pattern  to  more  closely  resemble  coherent  second-harmonic 
generation  from  a  crystalline  material  than  it  did  incoherent  second- 
harmonic  generation  from  an  amorphous  material. 

Models  were  developed  to  predict  the  efficiency  of  second-harmonic 
generation  in  the  normal  cornea.  The  observed  conversion  efficiency  of 
the  normal  cornea  was  in  much  better  agreement  with  the  calculated  coherent 
covnersion  efficiency  than  it  was  with  the  calculated  incoherent  conversion 
efficiency.  The  reduction  in  conversion  efficiency  for  corneas  treated 
above  the  collagen  phase  transformation  temperature  was  explained  in  the 
models  as  a  reduction  in  coherent  second-harmonic  generation  in  the  lamellae 
of  the  corneal  stroma  due  to  a  decrease  in  the  order  of  the  collagen  fibrils. 
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uaaaan  ^  scon  of  iissaks 

lnsearch  corncamlng  the  Interaction  of  looor  radiation  with 
biological  systems  has  baaa  la  progress  for  about  12  years  at  a 
aaabar  of  laboratories  throughout  tha  world.  Symposia  proceedings 
and  ravlows  of  progress  la  thla  araa  Includa  thoaa  publlahad  by  LI twin 
aad  Karla  (1943);  Fine,  Klein,  and  Scott  (1944);  flaa  aad  Klein  (IMS, 
1944,  1949a,  1949b,  1970);  Goldaaa  (1947);  Goldman  aad  lockwall  (1971); 
Flaa,  Buahor,  aad  Cox  (194S);  Wolbarscht  (1971);  aad  laady  (1971, 

Chaptar  7). 

Tharo  have  baaa  a  nuabor  of  publications  of  baale  biophysical 
lntarost  as  a  result  of  this  rosaarch.  Those  Include:  tha  production 
of  froo  radicals  In  tissue  (Dorr,  Klala,  sad  Fine,  1945;  Stratton, 
Pathak,  and  Flna,  1965);  tvo-photon  fluoroscanca  in  bloaoloculos 
(Sounds,  Olson,  and  Johnson,  1966);  laser  beat-frequency  spectroscopy 
of  bloaoloculos  (Dubla,  Lunacsk,  aad  Banodok,  1967) ;  alteration  of 
Saaotic  material  (Boras,  Sounds,  and  Olson,  1969);  cellular  micro¬ 
surgery  (Saks,  1971);  studies  of  focal  hepatic  injury  aad  repair  (Fine 
et  si,  1968);  reversible  deplgaentatlon  associated  with  melanogenasls 
In  rodent  skin  (Klein  et  al,  1965);  aad  interaction  of  middle  Infrared 
COj  laser  radiation  with  the  cornea  (Fine  et  al,  1967). 


A  number  of  analytical  modals  have  been  developed  for  the  analysis 
of  tissue  temperature  elevation  and  tharmal  injury  due  to  the  interaction 


of  1m«(  nilMiw  with  Umw.  Tubllsatiem  la  this  tm  Include 
rharml  —data  fa*  injury  ta  tha  raclaa  (Oaaraata  at  al,  IMS;  las 
at  al,  1944;  laaaaa,  Telgm  and  r&aa,  1947;  laaaaa  Mi  71m,  1944; 
leyea  aai  tielbarahc,  1944;  laaaaa  m4  71m,  19444;  Clarke,  Gaaraata 
Mi  Mas*  1949s  fsastHsdm,  1971);  injury  e»  tha  eataaa  (Toppers 
at  al.  1949);  la  jury  ta  tha  akla  (71m  at  al.  1945  ;  71m  at  al. 

1944);  lajmy  ta  hepatic  tlaaM  (71m  at  al.  1944);  aai  injury  ta 
alula  calls  (lama  at  al.  1944).  halyaw  af  1  aaag  laiacai  taapara- 
taca  alavatlM  la  da  cm  have  ham  glam  la  cmjmetlm  with  Miala 
fa*  tha  aaMuvaamt  af  tha  tharaal  conductivity  af  hlaaatarlala  (Ian am 
at  al.  1973;  Imam  at  al.  1973h). 

Psychophysical  stadias  hawa  bam  carrlai  oat  with  regard  to  lames. 
Thma  laclaia  stailm  on  tha  visibility  of  lafrarai  radiation  (Vasilenko 
Chabotaov  aai  TrlotakU.  1945);  tha  af  facts  of  pulsed  laser  radiation 
m  ilscrlalaatlwo  awaliaaca  behavior  (Taylor  and  Ibbers,  1944);  stadias 
of  tharaal  amsatlm  with  tha  CO^  laser  (Cmpbell  aad  71m.  1970) ;  sad 
m  Interpretation  of  visible  laser  speckle  patterns  (Baldwin,  1944). 

Thera  baa  bam  caMldarabla  la t ares  t  In  laser  lataractlm  with 
biological  systsM  at  ultraviolet  wavelengths  (71m  sad  Klein.  1949b) . 
Cataracts  have  bam  p reduced  la  rabbit  ayes  oa  laser  Irradiation  at 
325m  la  da  aiddla  ultraviolet  (Madam,  71m  aad  71m,  1973).  Ia 
this  latter  paper,  tha  production  of  cataracts  was  coaeldered  as 
probably  the  result  of  a  photochealeal  rather  than  a  photo tharaal 
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MehMiM. 

The  specific  concern  of  this  chooio  is  cho  generation  of  optical 
second-haraonlc  radiation  in  biological  clsouo  oc  an  ultraviolet 
wavelength  of  347aa.  Optical  second-haraonlc  generation  woo  first 
observed  by  P.  A.  Fraakaa  and  his  co -workers  la  1961  (Freshen  st  si, 
1961).  In  choir  experiments,  high  intensity  ruby  loser  radiation  was 
passed  through  crystalline  quarts  sad  the  saell  second -heraonic  fre¬ 
quency  component  la  the  traasaltted  light  s  poetries  was  detected  by  a 
photographic  prlsa  spectrograph.  Folluwlag  these  Initial  studies , 

Maker  and  his  co-workers  developed  coherent  phase  Batching  techniques 
In  crystalline  aedia  (Maker  at  al,  1962)  which  led  to  coaaerclal 
crystalline  frequency  doubling  units  with  20Z  second-heraonic  con¬ 
version  efficiency.  Manners  of  this  sane  research  group  later  reported 
observation  of  weak  incoherent  optical  second-heraonic  generation  in 
aastrphous  aedia  such  as  water,  and  fused  quarts  (Terhune,  Maker  and 
Savage,  1963).  Reviews  of  optical  second-harmonic  generation  research 
in  physical  systeas  have  been  published  by  Franken  and  Vsrd  (1963) ; 
Bloeabergen  (1963);  Mlnek,  Terhune  and  Vang  (1966);  Pershan  (1966); 
Yarlv  (1968) ;  Yerlv  (1971) ;  Baldwin  (1969) ;  and  Akhaanov  and 
Khoklov  (1972). 

The  posalbllity  of  optical  second-haraonic  generation  In  biological 
systeas  was  first  suggested  by  Fins  at  the  First  Annual  Conference  on 
The  Biologic  Effects  of  Laser  Radiation  in  1964  (Fine,  1965,  s-47). 
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K*  indicated  that  le  waa  important  ee  eooaldar  eha  conversion  of  laaar 
radiation  at  a  glvan  wavelength  to  othar  wavelengths  in  tissue.  Ba 
referred  to  thermal  radiation,  fron  the  highly  luminous  plume,  and 
to  the  fact  that  It  waa  not  yet  known  whether  second -harmonic  genera¬ 
tion  might  occur  in  the  skin.  In  the  proceedings  of  this  same  con¬ 
ference,  a  paper  by  Zaret  considered  the  possibility  of  harmonic 
generation  in  the  melanin  granules  of  the  retinal  pigment  epithelium 
on  ruby  laser  Irradiation  (Zaret,  1965,  a-64).  Zaret  Indicated  that 
second-harmonic  radiation  a*  ultraviolet  wavelengths  might  be  hazardous 
to  retinal  tissue.  In  1965,  Kalckhoff  and  Petleolas  reported  obser¬ 
vation  of  second-harmonic  generation  upon  ruby  laser  Irradiation  of 
powdered  crystalline  emino  add  preparations  (Kalckhoff  and  Petleolas, 
1965).  Soma  of  these  crystalline  preparations  yielded  second-harmonic 
conversion  affldendes  that  were  comparable  to  those  observed  with 
powdered  preparations  of  inorganic  crystals  with  known  high  conversion 
efficiency,  such  as  potassium  dlhydrogen  phosphate. 

In  1965  Vasilenko  and  his  co-workers  reported  studies  in  which 
human  subjects  observed  radiation  from  a  pulsed  Ne-Hj  laser  at  wave¬ 
lengths  of  950nm.  UOOnm,  and  1180nm  (Vasilenko,  Chebotaev  and  Troltskll, 
1965).  Radiation  at  950na  was  seen  as  red  light.  The  other  laser  wave¬ 
lengths  are  nominally  invisible;  however,  color  matching  shoved  the 
color  sensation  in  these  studies  to  be  extremely  close  to  the  color 
of  the  second-harmonic  of  each  wavelength.  The  observed  colors  were 
la  the  yellow-green  and  orsnge  regions  of  the  spectrum.  These  authors 


concluded  thnt,  "Consideration  of  this  data  laada  to  tha  rather  firm 
conclusion  that  tha  light  seen  by  tha  aye  in  observing  infrared 
emission  corresponds  to  tha  harmonic  of  tha  given  radiation.  Tha 
present  experiment  may  be  useful  in  elucidating  tha  non-linear  proper¬ 
ties  of  the  eye."  They  were  probably  thinking  of  optical  second- 
harmonic  generation. 

It  was  of  lntsrest  to  us  to  verify  these  observations  by  objective 
measurements  of  the  radiation  emission  from  tissues,  including  the  eye, 
on  laser  irradiation  in  the  near  infrared.  However,  a  laser  with  the 
necessary  characteristics  was  not  available  to  us  at  the  time  of 
initiation  of  this  research.  Because  of  our  interest  in  second-harmonic 
generation  at  ultraviolet  wavelengths,  end  since  a  Q-switched  ruby 
laser  was  available,  these  studies  were  undertaken  at  Northeastern 
University  in  1970  using  a  ruby  laser  at  694nm.  The  results  of  the 
initial  experimental  investigations  in  tissue  were  reported  by  Fine 
and  Hansen  in  1971  (Fine  and  Hansen,  1971),  and  are  also  contained  in 
this  thesis.  This  thesis  is  a  direct  outgrowth  of  these  initial  studies. 

Our  initial  studies  were  conducted  on  a  crystalline  preparation 
of  glutathione,  on  the  lens,  cornea,  vitreous,  tendon,  sclera,  retinal- 
choroidal  tissue,  melanin  granules,  frog  skeletal  muscle,  and  on  whole 
blood.  Radiation  which  appeared  to  be  second-harmonic  (347tm)  was 
observed  from  glutathione,  but  not  from  the  lens  of  which  it  is  a 
constituent.  Such  radiation  was  also  observed  from  cornea,  sclera. 
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skin  and  csndon.  "Ordsr"  is  rsquirsd  for  sffieisnt  second-harmonic 
gsnsratlon.  It  was  surmised  that  tbs  possibls  soures  of  ths  second- 
harmonic  gsnsratlon  in  these  lattsr  tissuas  was  ths  collagsn  compo¬ 
nent,  sines  it  is  prasant  in  high  coneantration  and  appaars  to  have 
a  ralatlvaly  high  dagraa  of  order.  In  addition,  second-harmonic 
generation  was  observed  from  muscle,  which  also  appears  to  be  a 
highly  ordered  tissue.  However,  muscle  does  not  contain  significant 
amounts  of  collagen. 

Since  second-harmonic  generation  was  observed  in  collagenous 
tissue,  studies  were  carried  out  on  purified  collagen.  Second-harmonic 
generation  was  observed  from  a  commercial  preparation  of  purified  col¬ 
lagen  obtained  from  Sigma  Chemical  Company  but  not  from  fibers  prepared 
by  another  method. 

There  is  a  phase  transition  temperature  for  tissue  collagen  near 
60aC  where  the  collagen  molecules  unwind  into  three  random  coil  chains. 
This,  therefore,  reduces  the  order  within  the  collagen  component  of 
the  tissue  (Flory,  1956).  Consequently,  second-harmonic  conversion 
efficiency  experiments  were  performed  in  two  collagenous  tissues  (cornea 
and  tendon)  that  had  undergone  heating  to  temperatures  below  and  above 
60*C.  When  these  tissues  were  heated  above  the  collagen  phase  trans¬ 
formation  temperature,  a  large  reduction  in  second-harmonic  conversion 
efficiency  at  347nm  was  observed.  These  results  were  a  further  Indication 
that  the  collagen  component  of  tissue  may  be  the  principal  site  for 
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optical  seeond-haraonle  gone ration  on  ruby  laaar  irradiation. 

Thorn  ia  a  predicted  difference  In  the  scattering  patterns  for  ' 
second-harmonic  radiation  froa  crystalline  (ordered)  sad  aaorphous 
(disordered)  aedia  (Bersohn,  Pao  and  Frisch,  1966).  Experiments  were 
carried  out  on  noraal  corneas  which  showed  the  347na  scattering  pattern 
to  aore  closely  reseabla  coherent  seeond-haraonle  generation  froa  a 
crystalline  aatarlal  than  it  did  incoherent  seeond-haraonle  generation 
froa  an  aaorphous  aatarlal.  Xn  addition,  the  scattering  studies  also 
Indicate  that  the  noraal  cornea  possesses  a  certain  degree  of  order. 

Models  were  developed  to  predict  the  efficiency  of  seeond-haraonle 
generation  in  the  noraal  cornea.  The  observed  conversion  efficiency 
of  the  noraal  cornea  was  in  such  better  agreeaent  with  a  calculated 
coherent  seeond-haraonle  conversion  efficiency  than  it  was  with  a 
calculated  incoherent  seeond-haraonle  conversion  efficiency  for  the 
noraal  cornea.  The  conversion  efficiency  of  the  cornea  decreased  by 
a  large  amount  after  heating  through  the  collagen  phase  transformation 
taaperature.  This  is  explained  in  the  aodels  as  a  reduction  in  coherent 
seeond-haraonle  generation  in  the  collagen  fibrils  of  the  cornea  due  to 
a  decrease  of  the  order  in  the  fibrils. 

The  studies  are  set  forth  in  the  following  order  in  this  thesis. 


A  review  of  the  literature  on  optical  seeond-haraonle  generation  and 
aodela  for  coherent  and  incoherent  optical  second-haraonic  generation 
from  crystalline  and  aaorphous  media  respectively  are  given  in  Chapter  2. 


A  brief  description  of  collagen  and  coUegenoue  tissue  Is  given  in 
Chepter  3.  The  initial  experimental  studies  showing  narrow  band  347nm 
amission  from  tissue  on  irradiation  at  694nm  with  a  Q- switched  ruby 
laser  are  included  in  Chapter  4.  Contained  in  this  chapter  is  sub¬ 
stantiation  of  the  thesis  that  the  observed  347nm  emission  la  second- 
harmonic  radiation.  In  Chapter  5,  the  experiments  on  purified  collagen 
ere  discussed.  Two  forms  of  purified  collagen  were  used.  Second- 
harmonic  generation  was  observed  in  collagen  fibers  obtained  from 
Sigma  Chemical  Company;  second-harmonic  generation  was  not  observed 
from  collagen  fibers  prepared  by  another  method.  This  difference  is 
discussed  on  the  basis  of  a  difference  between  these  two  preparations 
with  regard  to  the  relative  orientation  of  the  collagen  molecules. 

The  observed  347na  scattering  pattern  Iron  a  normal  cornea  is 
presented  in  Chapter  6.  The  results  are  compared  with  predicted 
second-harmonic  scattering  patterns  from  crystalline  at:d  amorphous 
media.  The  observed  pattern  more  closely  resembled  the  predicted 
pattern  for  coherent  second-harmonic  generation  from  a  crystalline 
medium  than  it  did  the  predicted  pattern  for  Incoherent  second-harmonic 
generation  from  an  amorphous  medium.  Scattering  patterns  for  corneas 
heated  above  60 *C  could  not  be  obtained  because  the  347nm  emission 
intensity  was  too  low. 

The  results  of  experiments  concerning  heated  corneas  and  tendons 
are  contained  in  Chapter  7.  An  order  of  magnitude  reduction  in  the 
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second-harmonic  conversion  efficiency  «u  observed  la  these  tissues 
follow lag  hosting  to  temperatures  shove  60 *C.  A  aodei  for  seeond- 
harmonic  generstioa  In  the  collagen  fibrils  of  the  cones  Is  presented. 
In  this  aodei,  the  peptide  bonds  of  the  collegea  aoleeules  ere  con¬ 
sidered  to  be  the  source  of  second-harmonle  rsdietioa.  "The  aeesured 
conversion  efficiency  from  normal  cones  la  in  reasonable  agreement 
with  this  aodei  whan  the  collagenous  eoaponent  of  the  cornea  is  con¬ 
sidered  to  be  highly  ordered.  The  aeesured  conversion  efficiency  of 
conees  that  had  been  heated  through  the  collagen  phase  transforaetion 
wee  several  orders  of  aagnltude  above  the  level  predicted  on  the  basis 
that  all  of  the  collagen  was  converted  to  a  random  coll  fora  and  the 
thermally  transformed  cones  was  amorphous.  The  difference  between 
the  observed  and  pndicted  conversion  efficiency  of  the  heated  eonsas 
was  considered  to  be  due  to  the  possibility  that  hasting  of  the  coneas 
above  60*C  did  not  transform  all  of  the  collagen  to  an  amorphous  random- 
coil  phase.  The  remaining  degree  of  order  following  heating  nay  account 
for  the  observed  conversion  efficiency  being  higher  than  expected  In 
thermally  altered  coneas.  The  results  of  the  studies  in  Chapter  7 
were  not  inconsistent  with  the  results  obtained  from  the  models  used 
for  analysis. 


Zt  has  been  shown  in  this  thesis  that  the  cones  produces  second- 
harmonic  radiation  at  a  wavelength  of  347nn  on  irradiation  with  a  ruby 
laser  st  694nm.  The  cones  nay  produce  second-hamonlc  radiation  when 


irradiated  in  tha  near  infrarad  (a.g.  with  neodymium  or  erbrlum 
lasers).  It  la  poaalbla  that  tha  thraahold  for  visibility  of  a 
second-harmonic  liaa  balov  tha  thraahold  for  injury  to  tha  aya  at  tha 
f  undamen tal  wavelength.  Consequently,  hamonlc  generation  in  ocular 
tiaaua  aay  be  of  algnlflcanca  to  vlalon  (Fine  and  Hannan,  1971). 

Although  second-harmonic  radiation  waa  observed  from  crystalline 
glutathione,  it  waa  not  observed  from  tha  rabbit  lana  for  which  gluta¬ 
thione  la  a  constituent.  Further  studlea  in  this  regard  are  required, 
particularly  since  tha  lexis  appears  to  possess  considerable  order. 

Other  slgxilfleant  aspects  of  optical  aecond-haraonie  generation 
studies  in  tissue  have  been  discussed  in  part  in  the  publication  by 
Fine  and  Hansen  (1971).  As  stated  by  the  authors,  "Harmonic  generation 
as  made  available  with  lasers  aay  offer  an  additional  tool  for  charac¬ 
terization  of  biologically  significant  molecules,  tissue  components, 
and  structure,  as  well  as  kinetic  biological  processes  both  in  vivo 
and  In  vitro.  In  particular,  these  latter  dynamic  studies  aay  be 
feasible  because  of  the  great  number  of  wavelengths,  high  pulse  repe¬ 
tition  frequencies,  and  short  pulse  durations  currently  available  from 
reliable  laser  systems. 

Separation,  purification,  or  synthesis  of  macromolecules  may 
result  in  structural  changes  in  the  molecules  or  in  the  aggregation 
patterns  of  the  molecules.  Identification  of  those  changes  that  are 
associated  with  the  above  procedures  can  be  difficult,  time-consuming, 


n 


or  require  «  larger  sample  amount  than  can  ba  conveniently  aparad. 

This  is  aa pa cl ally  true  If  cha  changes  ara  minor,  la  soma  cases, 
harmonic  generation  la  aacroaolacular  saaplaa  may  ba  alcarad  during 
separation,  purification,  or  syathaals.  Thi  <•  altaratloa  may  ba 
ladlcatlva  of  a  changa  la  scruetura  aot  ocharvlsa  raadlly  datactabla. 
Consequently,  harmonic  gaaaradon  at  various  vavalangths  should  ba 
consldarad  aa  a  technique  for  rapid  and  posalbly  aondascructlva  tasting 
of  cartala  aspacts  ralatlag  to  molaeulas  and  thalr  aggragatlon  patterns, 
both  on  a  laboratory  and  production  basis'*  (Flna  and  Bansan,  1971). 

fro  of  tha  many  possible  aggragatlon  patterns  of  collagen  ara 
discussed  In  Chapter  5  of  this  thesis.  In  this  chapter,  experimental 
evidence  la  given  that  these  two  collagan  forms  have  significantly 
different  second-harmonic  conversion  efficiencies.  Consequently,  a 
distinction  might  indeed  ba  made  between  aggragatlon  patterns  basad 
on  second-harmonic  generation  studies. 

The  possibility  and  significance  of  optical  second-harmonic 
generation  in  the  skin  and  eye  at  ultraviolet  wavelengths  has  been 
previously  considered  (Fine,  1965,  p.  s-47;  Zaret,  1965,  p.  s-64; 

Vine  and  Klein,  1969b).  The  results  of  this  thesis  Indicate  that 
ultraviolet  second-harmonic  generation  Is  produced  at  deep  layers  of 
the  cornea  and  skin  when  a  visible  wavelength  ruby  laser  Is  used.  It 
Is  still  unclear  whether  the  second-harmonic  generation  observed  Is 
due  to  lack  of  molecular  inversion  symmetry  or  lack  of  Inversion 
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symmetry  la  structural  unit*  at  the  Intramolecular  level,  and  to  what 
extent  tissue  order  Is  important. 

Sons  studies  were  carried  out  to  provide  a  basis  for  the  resolution 
of  these  questions .  Cornea  and  tendon  were  heated  above  the  collagen 
phase  transformation  teaperature.  Above  this  teaperature,  collagen 
Is  believed  to  be  traasforaed  froa  an  ordered  to  a  random  coll  con¬ 
figuration,  as  evidenced  by  tissue  contraction,  decreased  birefringence. 
Increased  mechanical  compliance,  and  altered  optical  transmission. 
Consequently,  we  believe  there  is  a  decrease  In  order  above  this 
temperature.  It  was  observed  that  the  second-harmonic  conversion 
efficiency  decreased  when  these  tissues  were  heated  above  this  phase 
transformation  teaperature.  Ve  believe  that  these  results  indicate 
that  tissue  order  may  be  an  important  factor  in  second-harmonic  con¬ 
version  efficiency.  Further  studies  are  required  to  resolve  the 
questions  stated  above.  However,  the  experimental  studies  do. indicate 
that  changes  in  the  second-harmonic  conversion  efficiency  may  be  a 
sensitive  indicator  of  structural  changes  which  may  not  othervlse  be 
readily  detectable. 

Although  the  collagen  fibers  of  tendon  are  well-aligned,  they 
are  of  varying  diasmter.  In  addition,  normal  tendon  Is  quite  opaque. 

In  the  sclera  and  skin,  the  fibers  do  not  appear  to  be  as  well-aligned 
as  they  are  In  cornea;  the  fibers  are  of  varying  diameter;  and  these 
tissues  are  not  as  transparent  or  as  homogeneous  as  the  cornea.  For 


these  ruaoM  further  work  will  b«  required  to  develop  adequate 
aodele  for  theee  tleeuee  with  reepect  to  second-harmonic  generation. 

When  heated  slowly  In  water  beyond  the  collagen  phase  trans¬ 
formation  temperature  and  allowed  to  mechanically  creep  under  light 
loading,  the  tendon  becomes  transparent  et  both  694nm  end  347na. 
Consequently,  with  further  Investigation  It  might  be  possible  to 
develop  second-harmonic  generation  models  for  tendon  In  this  condition. 
Measurement  of  collagen  concentration  would  have  to  be  carried  out  In 
order  to  develop  these  models.  It  may  be  necessary  to  find  a  material 
with  refractive  Index  chat  matches  chat  of  collagen  chat  coulk  be  used 
to  Impregnate  the  normal  Cendon.  This  may  Improve  the  transparency  of 
this  tissue  and  allow  comparisons  of  theory  and  experiment.  Skin  and 
sclera,  because  of  their  Inherent  Irregularity,  will  be  probably  the 
most  difficult  to  model  and  compare  with  experiment  with  regard  co 
second-harmonic  generation. 

The  peptide  bond  In  collagen  was  considered  to  be  the  possible 
source  of  second-harmonic  generation.  Further  work  is  required  co 
determine  Che  validity  of  chis  hypothesis.  Studies  on  amino  acids 
and  on  synthetic  peptides  may  provide  Information  In  this  regard.  For 
example,  crystalline  glycine  has  been  shown  to  produce  relatively 
lnaignif leant  levels  of  second-harmonic  radiation  in  comparison  to 
that  produced  by  ocher  crystalline  amino  acids  (Reickhoff  and  Feticolas, 
1965).  Studies  on  polyglycine  may  assist  in  evaluating  the  hypothesis. 


Although  such  stud las  were  considered,  time  precluded  carrying  out 
this  work.  These  studies  were  carried  out  at  a  single  fundamental 
wavelength  of  694nm.  This  may  not  have  produced  the  maximum  possible 
conversion  efficiency  in  collagenous  tissue.  The  use  of  a  tunable 
laser  to  determine  the  wavelength  dependence  of  the  conversion  ef¬ 
ficiency  may  yield  information  regarding  the  identity  of  the  second- 
harmonic  oscillators. 

In  addition,  the  reason  for  the  increased  transparency  of  tendon, 

when  heated  above  the  collagen  phase  transformation  temperature,  may 

> 

not  be  understood,  and  consequently  warrants  further  study. 


CHAPTER  2 


OUTLINE  OF  OPTICAL  SECOND-HARMONIC  GENERATION 

There  is  *n  extensive  literature  in  the  physical  sciences 
describing  experimental  end  theoretical  aspects  of  optical  second- 
harmonic  generation  in  solids,  liquids  and  gases.  Review  articles 
have  been  written  by  Frsnken  and  Ward  (Frank an  and  Ward,  1961), 
Pershan  (Pershan,  1966),  Bloeabergen  (Bloembergen,  1965),  and 
Minck  at  al  (Minck  at  el,  1966). 

Most  experimental  studies  have  been  carried  out  with  carefully 
prepared  systems  of  molecules  with  relatively  well-understood 
optical  characteristics.  As  a  result,  the  companion  analytical 
models  that  have  been  reported  for  these  systems  have  contained 
substantial  physical  and  mathematical  detail.  For  example,  it  is 
common  to  find  analyses  that  Include  the  effects  of  material 
birefringence  on  nonlinear  wave  propagation  in  solids  (Bloembergen, 
1965,  p.  84).  There  are  also  models  of  second-harmonic  generation 
in  liquids  that  include  the  statistical  effects  of  intermolecular 
orientation  (Barsohn'  et  al,  1966). 

Compared  to  physical  systems,  the  optical  characteristics  of 
biological  tissues  are  poorly  understood.  Because  of  the  complexity 
of  biological  tissue,  the  analysis  of  optical  second-harmonic 
generation  in  tissue  must  proceed  along  simple  lines. 

The  purpose  of  the  present  chapter  is  to  first  review  some  of 
the  analytical  methods  of  nonlinear  optics  that  have  appeared  in 
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the  physical  scisnea  literature.  Thasa  methods  will  chan  ba  uaad 
co  obcain  asciaacas  of  eha  paraaacars  chat  ara  naadad  Co  compuca 
Cha  aacond-hanaonic  ganaradoa  effidancy  of  aacariala.  Thasa 
aachods  ara  noc  exact,  and  ac  base  will  yiald  ordar  of  magnitude 
agraaaanc  with  axparlaancal  daca  for  physical  syscaas  (Bloeabergen, 
1965,  Chap.  5;  Yarlv,  1968,  pp.  344-348;  Garracc  and  Robinson, 
1966) .  In  lacar  chapters  chasa  aachoda  will  ba  usad  Co  asclaaca 
cha  approximate  sacond-haraonlc  convarslon  efficiency  of  biological 
Clssuas . 

Ha  shall  firsc  review  soaa  of  cha  classical  physical  principles 
concerning  optical  sacond-haraonlc  generation.  The  discussion  will 
begin  with  a  review  of  both  linear  and  nonlinear  induced  dipole 
aoments  in  aactar.  We  shall  Chen  presene  che  solucions  co  cha 
differential  equation  for  Che  anharaonlc  oscillator  (Bloeabergen, 
1965,  Eq.  1-9;  Garrett  and  Robinson,  1966,  Eq.  2;  Pershan,  1966, 
Eq.  3.3).  These  anharaonlc  oscillator  solucions  provide  estimates 
of  the  harmonic  content  of  che  induced  dipole  moment  oscillations. 
However,  che  arrangement  of  che  dipoles  within  the  medium  determines 
the  harmonic  content  of  the  elect roaagne tic  radiation.  The  second- 
harmonic  content  of  the  radiation  will  be  estimated  for  two  limiting 
caaes  of  matter  -  crystalline  matter  and  amorphous  matter.  The 
second-harmonic  conversion  efficiency  can  be  significantly  greater 
in  crystalline  matter  than  it  is  in  amorphous  matter. 

Equations  will  be  written  in  Gaussian  cgs  units  since  much  of 


the  literature  has  baan  writ tan  In  thaaa  units.  A  Use  of  important 

convarslon  factors  to  MKS  units  is  glvan  in  Appendix  A. 

2.1  Linaar  alactrlc  dipola  monr  •  s 

Whan  an  lsolatad  pair  of  aqual  and  opposite  point  charges  with 
fixed  charge  magnitudes  are  separated  by  a  fixed  distance  x,  the 
charge  configuration  is  said  to  be  a  static  electric  dipole.  The 
static  dipola  moment  it  is  a  vector  with  magnitude  qx  tha.  is 
directed  from  the  negative  to  tha  positive  charge.  If  a  charge 
distribution  is  allowed  to  vary  in  such  a  way  that  y(t)  is  a 

periodic  function,  then  the  charge  distribution  is  said  to  be  an 

oscillating  electric  dipole. 

An  applied  electric  field  that  varies  sinusoidally  in  time 
will  Induce  periodically  varying  dipole  moments  in  the  molecules 
of  a  material  medium.  The  major  mechanism  responsible  for  induced 
dipole  moments  at  frequencies  corresponding  to  visible  and  ultraviolet 
radiation  is  called  electronic  polarization.  Physically,  electronic 
polarization  can  be  viewed  as  the  forced  motion  of  a  bound  electron 
cloud  around  a  massive  stationary  positive  charge  (Siegman,  1971, 
p.  68).  At  lower  frequencies  (i.e.  Infrared,  microwave,  and  radio 
frequencies)  the  massive  positive  charge  centers  can  also  move 
appreciably  during  a  period  of  the  applied  electric  field  oscillation. 
Large  oscillating  low  frequency  dipole  moments  can  be  induced  in 
polar  molecules  when  the  low  frequency  applied  electric  field  produces 


rotational  notion  of  th«  molacula  as  a  whole,  or  when  vibrational 
notion  of  the  molecular  nuclei  with  respect  to  the  center  of  mass 
of  the  nolecule  is  produced  (Kit tel,  1965,  p.  164).  We  shall  not 
be  concerned  with  these  lover  frequency  polarization  mechanisms, 
the  magnetic  dipole  interactions  at  optical  frequencies  will  also 
be  neglected  (Baldwin,  1969,  p.  19). 


A  linear,  or  first-order,  electric  dipole  moment  is  defined 

as  one  that  is  directly  proportional  to  the  local  electric  field 

that  acts  on  the  dipole.  The  first  order  dipole  moment  is  a 

vector.  A  vector  component  will  be  denoted  by  the  subscript  p. 

Eh 

Therefore,  the  time  varying  p  component  of  the  first-order  dipole 

moment  will  be  denoted  by  u  ,  (t) .  The  local  electric  field  is 

P»1 

also  a  vector.  We  shall  denote  its  components  by  the  subscript  q. 
Since  we  shall  be  considering  harmonic  fields  later  on,  it  is  con¬ 
venient  to  denote  the  fundamental  field  by  an  additional  subscript 
"1".  Therefore,  E^c  ^ (t)  is  the  qtl*  vector  component  of  the 
local  fundamental  electric  field.  We  shall  also  write  this  field 

in  terms  of  its  complex  amplitude  as  E„  ,  (t)  *  Re  {E.  ,  e-u’"} 

*oc,q,l  *oc,q,l 

where  the  symbol  "A"  denotes  the  complex  amplitude  of  a  time-varying 
quantity.  We  then  define  ^(t)  by: 


Up>1(t)  -  R* 
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In  Eq.  (1),  the  O 


are  complex  components  of  the  first-order 


(1) 


xr 


polarizability  tensor  (ap{j)  (Bersohn  st  *1,  1966,  p.  3184). 

2.2  Monllnssr  slsctronlc  dlpols  moments 

When  the  locsl  electric  field  strengths  ere  high  end  the 

electron  cloud  displacements  ere  large,  Eq.  (1)  is  not  sufficient 

to  predict  the  total  induced  dipole  moment.  More  generally,  higher 

order  terms  In  E.  , (t)  ere  required  to  predict  the  total  dipole 
*oc,q,l 

moment.  Let  y  (t)  be  the  pC**  component  of  the  total  electric  dipole 
P 

moment,  then  when  the  electron  cloud  displacement  is  lerge,  yp(t) 
la  expressed  as  follows 


%(c>  ■ 


*„2(t)  +Wp,3(t> 


(2) 


In  Eq.  (2),  y  ,  (t)  is  proportional  to  the  local  field,  y  ,(t) 

P»* 

is  proportional  to  the  local  field  squared  and  so  on.  We  have 

already  defined  y  - (t)  in  Eq.  (1).  The  next  two  dipole  moments 
P*A 

y  ,  and  y  ,  are  defined  in  Eqs.  (2a)  and  (2b). 

P»*  PtJ 
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(Bersohn  at  al,  1966,  Eq.  1).  In  Eqs.  (2a)  and  (2b)  the  $ 


are 


complex  components  of  the  second-order  polerlseblllty  tensor  end 
the  y  ere  complex  components  of  the  third-order  polarizability 
tensor.  Higher  order  polerizebility  tensors  ere  defined  in  e 
eimiler  way.  Eech  term  in  Eq.  (2)  is  often  referred  to  es  e 
dipole  moment.  The  first  term  is  the  component  of  the  first- 
order  dipole  moment,  the  second  term  is  the  pC**  component  of  the 
second-order  dipole  moment,  end  so  on. 

Successively  higher  order  dipole  moments  become  small  very 

rapidly.  Bloembergen  has  estimated  that  even  with  the  very  high 
10  2 

fields  of  10  Watts/cm  in  the  focus  of  a  Q-svltched  laser,  and 
for  intra-atomic  electric  fields  that  are  typically  of  the  order 

g 

of  3  x  10  volts/cm  each  dipole  moment  in  Eq.  (3)  is  approximately 
a  thousand  times  smaller  than  the  preceding  moment  (Bloembergen, 
1965,  p.  8). 

The  tensor  polarizabilities  of  Eqs.  (1),  (2a),  and  (2b)  are 

physical  properties  of  the  molecule  and  therefore  their  symmetry 

properties  arc  dependent  upon  the  symmetry  properties  of  the 

structure  of  the  molecule  (Nye,  1957,  p.  20).  When  this  principle 

is  applied  to  the  tensors  (a  ),  (0  ),  (y  ),  etc.  it  is  found 

pq  pqr  pqrs 

that  the  even  order  polarizabilities  (e.g.  8  r)  vanish  for 
molecules  that  are  symmetric  under  inversion  (Bersohn  et  al,  1966, 
p.  3185).  Relations  among  the  components  of  the  polarizability 
tensors  can  be  obtained  from  considerations  of  other  symmetry 
properties  of  the  molecular  structure.  Thermodynamic  arguments 
have  also  been  proposed  to  derive  symmetry  properties  of  the 


second-order  censor  polarizability  (Franks a  4  Ward,  1962,  p.  27). 


2.3  Scalar  dipole  moments 

In  the  early  nonlinear  optics  literature,  emphasis  was  often 
placed  on  eaciaatlng  the  aegnltude  of  the  induced  nonlinear 
molecular  dipole  moment  without  concern  for  Its  direction  (Franken  6 
Ward,  1961).  For  the  biological  molecules  with  which  we  will  be 
concerned  In  this  thesis,  there  Is  not  enough  available  Information 
to  treat  the  polarizabilities  as  tensors;  therefore  we  shall  also 
be  mainly  concerned  with  predicting  the  approximate  magnitude  rather 
than  the  direction  of  the  induced  nonlinear  dipole  moments.  In  an 
early  review,  Franken  and  Ward  (Frankan  6  Ward,  1962,  p.  23)  used 
a  scalar  version  of  Eq.  (2)  which  we  shall  write  as: 


W(t)  -  Re 


{oEloc,l  + 


8E^  2ju>t  +  yE^  3Ju>t 
0Eioc,l  *  +  YEloc,l  • 

(3) 


In  Eq.  (3),  ^jA3C  ±  la  the  complex  amplitude  of  the  local  fundamental 
field  at  frequency  u  and  a,  B  and  y  are  complex  coefficients.  While 
Eq.  (3)  is  a  scalar  equation,  it  still  reflects  an  important  aniso¬ 
tropic  property  of  a  nonlinear  dipole.  -That  is,  the  coefficient  3 
end  all  other  even  order  term  coefficients  vanish  if  y  simply  changes 

A  A 

sign  when  Eloe  changes  sign  (i.e.  if  the  graph  of  y  vs.  is 

antl-synmetrlc  about  the  origin) .  Mote  chat: 
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6  ■  r  (  "*a^"  )  ~  (4) 

<c  EZoc-° 

and  chat  (d  p/dIJfle)j  -Q  vaniahaa  for  auch  grapha.  This  la  tha 

loc 

one-dimensional  aqulvalanc  to  cha  rula  that  (0^^)  vaniahaa  In 
centrosymaatric  molecules. 

In  future  dlaeuaalona  wa  shall  call  y^(t)  -  R a  {oE^c  2  a^wc} 
tha  flrat-ordar  scalar  dlpola  moment,  y2(t)  •  Ra  ^  a^wt}  tha 

second-order  scalar  dlpola  moaant  and  so  on.  Tha  dlpola  sonants 
can  than  ba  written  as  y^(t)  -  Rs  {y^  e^UC}  and  y2  (t)  -  Ra  {y2  a^Wt} 

A  A 

where  y^  and  y^  **•  tha  complex  aaplitudes  of  tha  first-  and  second- 
order  dlpola  nonanes  respectively.  Combining  these  expressions 
establishes  relationships  between  the  complex  field  anplitudes  and 

A  * 

tha  complex  dipole  nonane  amplitudes.  These  are:  y^  *  oE2qc  ^ 
and  y2  -  SE*^. 

In  tha  next  section,  models  will  be  presented  for  calculating 
tha  complex  scalar  polarizabilities  a  and  0. 


2.4  Modal  for  scalar  polarizabilities 


Thera  are  two  approaches  to  calculating  polarizabilities.  One 
Is  quantum  mechanical  and  tha  other  is  an  older  classical  approach 
(Bloambergan,  1965).  In  tha  classical  approach,  tha  dlpola  is 
modeled  in  tarns  of  an  oscillator.  Calculations  of  second-harmonic 
generation  using  classical  scalar  models  have  yielded  results  that 


agree  with  experiment  (Yariv,  1968,  Section  21.3). 

A  complete  review  of  the  deesicel  oecilletor  model  will  not 
be  given.  In  presenting  expressions  for  a  end  S  we  shell  msinly 
follow  the  development  by  Bloembergen  (Bloembergen,  1965). 

In  the  dsssicsl  picture,  esch  oscillator  is  considered  to 
be  an  electron  that  moves  under  a  restoring  force,  a  small  damping 
fores,  and  a  force  produced  by  an  applied  electric  field  (Dltchburn, 
1963,  p.  563).  We  shall  only  consider  the  case  of  electrons  that 
are  bound  to  local  sites  in  atoms  or  molecules.  We  shall  not  con¬ 
sider  semiconductors  or  metals.  The  damping  force  and  the  restoring 
force  can  be  computed  approximately  from  molecular  theory  (Dltchburn, 
1963,  p.  564).  When  restoring  force  calculations  are  required  in 
this  dissertation,  we  will  assume  that  the  electron  is  a  spherical, 
uniform,  negative  charge  cloud  surrounding  a  stationary  positive 
point  charge.  The  cloud  will  have  a  total  negative  charge  equal  to 
the  electronic  charge,  e,  and  a  mass  equal  to  the  electronic  mass,  a. 
The  positive  point  charge  will  also  have  a  charge  magnitude  of  e. 

If  the  electron  doud  is  displaced  by  a  small  amount  from  its 

equilibrium  position  and  than  dlowed  to  move  freely,  it  will  execute 

an  oscillatory  mg t ion.  For  small  damping  the  frequency  of  this 

1/2 

oscillation  is  ug  "  (K/m)  where  K  is  the  linear  restoring  force 
constant  (Dltchburn,  1963,  p.  564).  The  displacement  is  assumed  to 
be  smdl  since  the  restoring  force  is  assumed  to  be  linear  only  for 
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■mail  displacements. 

If  the  alectron  cloud  displacement,  x,  is  large,  then  the 
anharmonldty  of  the  restoring  force  must  be  accounted  for.  The 
one-dimensional  enharmonic  oscillator  equation  is  (Bloembergen, 

1965,  p.  5,  Eq.  1.9) 

aac  +  mTi  +  as  ^x  +  afbc^  ■  -  fe  Re  (E.  .  e^ut)  (5) 

O  MC,1 

In  Eq.  (5)  mTx  represents  a  damping  force  proportional  to  velocity. 

The  natural  (resonant)  frequency  of  the  oscillator  is  u^.  The 

2 

linear  restoring  force  is  wuiQ  x  and  the  anharnonic  restoring  force 
2 

is  aftx  .  The  resonant  frequency  Is  taken  to  be  the  frequency 
of  an  observed  spectral  line  (Bloembergen,  1965,  p.  8).  We  shall 
use  simple  atomic  and  molecular  models  to  estimate  the  constant  ft  in 
the  expression  for  the  anharnonic  restoring  force. 

The  right  hand  side  of  Eq.  (5)  differs  from  Bloembergen ' s 
(Eq.  1.9)  in  two  respects.  The  first  is  that  we  are  considering  a 
single  monochromatic  driving  frequency,  is,  whereas  Bloembergen 
considers  the  case  of  two  monochromatic  driving  frequencies. 
Bloembergen  does  this  to  discuss  optical  mixing  as  well  as  second- 
harmonic  generation.  The  second  difference  is  that  we  have  included 
an  oscillator  strength,  f.  The  oscillator  strength  must  be  deter¬ 
mined  by  experiment  (Ditchburn,  1963,  p.  688).  Experimental  values 
of  f  are  usually  less  than  unity  and  are  often  much  less  than  unity 


(Dltcbburn,  1963,  p.  711).  This  maxis  that  a  local  field, 


Ra  {E^oe  ^  a^uC},  generally  produces  a  smaller  oscillation  amplitude 
than  would  be  expected  from  classical  considerations  alone. 

Series  solutions  have  bean  obtained  for  Eq.  (S) 

1965,  p.  6).  The  general  fora  of  the  solution  is: 

(Bioembergen, 

x(t)  ■  Be  {x  +  x,  4.  x 

0  jL  2 

(6) 

A 

The  d.c.  term,  xq,  is  manifested  as  a  small  constant  polarization 

and  is  called  optical  rectification.  This  term  will  not  be  con- 

A  A 

sldered  further.  The  complex  amplitudes,  x^  and  of  the  fundamental 

and  second-harmonic  terms  are  (Bioembergen ,  1965,  Eqs.  1.10,  1.11): 

A 

~  fe  Eioc.l 

*1  "  m  D<w) 

*  f2e2n  ®£oc,l 

2  m2  D2(oj)  D(2u) 

(7) 

(8) 

where: 

D(u»)  •  u  2  -  u)2  -  jFw 

0 

(9) 

D(2w)  -  u>o2  -  4u2  - 

(10) 

(u>  2  -  w2)  »  ru 
o 


(11) 


(12) 


(u»  ^  -  4 »  2Tu 

o 

Under  these  conditions  D(u)  and  D(2u>)  can  ba  approximated  by  tha 
raal  variablas: 


.  2  2 

D(u>)  »  u  -  oj 
o 

(13) 

D(2u)  ■  u)  ^  -  4w^ 
o 

(14) 

In  tha  instances  thatvawill  consider,  the  fundamental  frequency, 

<ti,  and  the  second-harmonic  frequency,  2u,  are  remote  from  the  fre¬ 
quencies,  u>o>  of  narrow  spectral  lines.  Therefore,  the  approximate 

equations  (13)  and  (14)  will  be  used. 

The  polarizabilities  a  and  fj  can  now  be  estimated. 

two  expressions  for  the  first  order  dipole  moment  y^: 

There  are 

A 

U1  -  «*1 

(15) 

A 

m  -  oe,  . 

1  &oc,l 

(16) 

Combining  these  yields: 

a  ■  *VEtoc,l 


(17) 


Using  Eq.  (7)  for  x^,  on*  chon  obtain*: 


a 


fa 


(18) 


Similarly,  chare  are  two  expressions  for  Che  second-order 
dipole  moment 


‘2  ■  “2 


“2  ■  6Eloe,l 


Combining  these  yields: 


(19) 

(20) 


S  -  *x2/E 


2 

ioc,l 


(21) 


Using  Eq.  (8)  for  one  Chen  obtains: 


0 


f2e3n 


D  (w)  D(2u) 


(22) 


The  constant  Q  in  Eq.  (22)  will  now  be  estimated.  Bloembergen 

2 

has  suggested  chat  the  nonlinear  restoring  force,  mftx  ,  is  of  the 

2 

same  order  as  the  linear  restoring  force,  mu>o  x,  when  the  oscillator 
displacement,  x,  is  of  the  order  of  the  radius,  aQ,  of  the  equilibrium 
orbital  of  the  electron  (Bloembergen,  1965,  p.  7).  Using  this 


criterion,  the  following  approximation  for  ft  is  obtained: 

fl  -  w  2/art  (23) 

o  o 

The  frequency  of  an  electronic  spectral  line  is  related  to  the 

dimensions  of  the  atomic  or  molecular  structural  unit.  In  some 

cases  mathematical  expressions  for  this  relationship  have  been 

derived  (Setlow  and  Pollard,  1962,  pp.  223-22S).  A  simple  classical 

atomic  model  will  be  used  to  derive  a  relationship  between  ojq  and 

a„  in  Eq.  (23) . 
o 

Recall  that  each  classical  oscillator  is  assumed  to  be  an 

electron  that  is  bound  to  an  atom  or  molecule.  One  simple  model 

considers  the  electron  to  be  a  uniform  spherical  negative  charge 

cloud  with  radius  aQ,  charge  -e,  and  mass  m  (Siegman,  1971,  p.  68). 

In  this  simple  model  the  cloud  surrounds  a  single  (nuclear)  point 

charge  +e.  When  the  cloud  is  displaced  by  an  amount  x  from  its 

equilibrium  position,  it  feels  a  linear  restoring  force  Kx  when 

2  2 

x  <  a  .  and  a  nonlinear  Coulomb  restoring  force  e  /x  when  x  >  a  . 

—  o  —  o 

Since  both  equations  are  valid  when  x  ■  aQ,  we  can  equate  them  and 
obtain  the  following  relation: 

K  -  e2/ao3  (24) 

The  resonant  frequency  of  the  classical  electron  oscillator  is 


u>o  ■  (K/m)*^.  Combining  this  with  Eq.  (24)  yields: 


Equation  (25)  Is  a  classical  result  that  shows  an  Inverse 
relationship  between  atomic  size  and  resonant  frequency.  Quantum- 
mechanical  models  of  large  complicated  molecular  structures  also 
show  an  inverse  relationship  between  molecular  size  and  the  fre¬ 
quency  of  the  lowest  energy  spectral  lines  of  t;he  structure  (Setlow 
and  Pollard,  1962,  p.  225).  Equation  (25),  however,  may  not  be  the 
correct  specific  Inverse  relationship  for  complicated  molecules. 

Combining  Eq.  (23)  and  Eq.  (25)  yields  the  following  expression 
for  ft: 

8 

ft  -  <  ) 1  (26) 

e 


When  Eq.  (26)  is  used  for  ft,  the  expression  for  8  becomes: 


« -  ££  <  V  >1/3  t — ■ — 

is  «  u(w)  D(2w) 


Equation  (27)  has  been  derived  for  the  case  where  there  is  a 
single  spectral  line  at  frequency  Kiellch  has  treated  the 

case  where  there  is  more  than  one  spectral  line  for  each  atom 
(Kiellch,  1964).  His  results  are  similar  to  those  obtained  for 
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lin««r  dipoles  (Ditchburn,  1963,  p.  565)  ia  that  eecb  spectrel 
line  ae  frequency  uq±  makes  a  separate  contribution  u2i  to  the 


total  second-order  dipole  moment  for  tbe  atom,  J  (Kielich,  1964, 


P-  5a): 


U2  *  l  y2i 
1-1  21 


In  Eq.  (28)  the  sum  la  taken  over  N*  spectral  lines.  The 


given  by: 


W2i  *re 


y2i  *  8,  EjloCjl 


Combining  Eqs.  (28)  and  (29): 


"*  ’  W  &  6i 


where 


r  2  3  8 

f.  e  u  m 

fi  -  — i _  t  _°L_  >,1/3  1 

2  '  2^  '  — 2 - 

*  «  («)  Di(2w) 


Di(<u)  -  -  w2  -  jrt» 


(33) 


°1<2  >  •  ol  -  4  2  -  22ri 

In  the  Instances  that  va  will  consider,  tha  fundanantal  frequency, 
u>,  and  tha  second-harmonic  frequency,  2u,  are  remote  from  tha  fre¬ 
quencies,  <uoi,  of  narrow  spectral  lines.  Therefore,  the  approxl- 
nationa  used  in  Eqs.  (13)  and  (14)  can  again  be  employed. 

We  shall  define  the  second-order  polarizability  of  the  atom 
for  the  case  of  N'  spectral  lines  to  be: 

N' 

8  -  I  (34) 

1-1 

In  summary,  the  methods  used  in  this  section  allow  values  of 
the  polarizabilities  a  and  B  (Eqs.  (18)  and  (31)  )  to  be  estimated 
for  simple  electron  cloud  resonances  such  as  those  for  "hydrogen- like" 
atoms.  It  has  been  shown  that  when  a  classical  electron  oscillator 
Is  bound  by  an  anharmonlc  restoring  force,  the  cloud  oscillates  In 
a  periodic  motion  with  a  fundamental  frequency  equal  to  the  frequency 
of  the  applied  electric  field.  The  motion  of  the  oscillator  also 
contains  higher  harmonics  for  which  the  second-harmonic  motion  has 
been  calculated. 

2 .5  Second-harmonic  generation  by  multi-mode  lasers 

Consider  the  second  order  dipole  moment  1^(0.  If  Che  local 
electric  field  varies  sinusoidally  at  a  frequency  u>  then  the  first 


term  in  Eq.  (2)  gives  rise  to  dipole  rsdistion  at  frequency  u  end 
the  second  ten  gives  rise  to  e  d.c.  field  end  dipole  rsdistion  st 
frequency  2u.  The  d.c.  field  gives  rise  to  s  bise  field  in  the 
medium  which  we  shell  neglect.  The  2u>  rsdistion  is  the  source  of 
second-harmonic  generation  with  which  we  shall  be  concerned. 

If  the  local  electric  field  contains  two  discrete  frequencies 
Uj'  and  Wj.  l.e.  E^c  ^(t)  ■  cos  u^t  +  cos  lOjt,  then  the 
second  order  ten  in  Eq.  (2) ,  being  proportional  to  the  square  of 
the  local  field,  gives  rise  to  sum  end  difference  frequencies. 

It  can  be  shown  with  simple  trigonometric  manipulation  that  the 
frequencies  end  relative  amplitudes  of  the  sinusoidal  components 
of  y2<t)  *r*  u  follows. 


Frequency 

Relative  Amplitude  of  Sin 

zero 

*1 

K 

*"2 

K 

*l  +  “2 

“1  "  “2 

If  the  local  field  contains  many  discrete  frequencies  rather  than 


Just  two  frequencies,  Chen  as  «  consequence  of  Che  second  order 
nonlinesricy  in  y(t)  chere  will  be  s  large  number  of  harmonic ,  sum, 
and  difference  frequency  combinaclona. 

The  short-term  ouCpuC  spectrum  of  a  laser  can  be  modeled  as 
conCaining  many  discrete  frequencies.  These  essentially  mono¬ 
chromatic  frequencies,  uiq,  covsr  a  narrow  spectral  range  between 
01^  and  dig  as  shown  below. 


Each  discrete  frequency  in  the  sketch  corresponds  to  an  active 
laser  mode  emitting  an  essentially  monochromatic  wave  at  frequency 
w  .  If  a  laser  with  this  kind  of  output  spectrum  is  used  to  drive 

U 

2 

a  dipole  with  nonlinearities  described  by  BE  ,  then  the  second- 
harmonic  of  each  wq  as  well  as  a  large  number  of  sum  and  difference 
frequency  components  will  appear  in  the  nonlinear  part  of  the  scat¬ 
tered  light  spectrum  of  the  molecule.  The  second-harmonic  and  sum 
frequencies  will  lie  between  2w^  and  2wj.  The  difference  frequency 
spectrum  lies  at  much  lower  frequencies  such  as  at  microwave 


frequencies . 


Ruby  lasers  have  a  recognisable  transverse  node  structure 
when  operated  near  threshold.  However,  in  high  peak  power 
operation,  such  as  is  employed  in  nonlinear  optical  studies,  recog¬ 
nizable  transverse  aodea  are  not  exhibited  (Heady,  1971,  p.  15). 
lha  mode  structure  of  millisecond  pulse  ruby  lasers  changes  during 
the  pulse.  Zt  is  not  dear  to  what  extent  the  mode  structure  of 
Q- switched  ruby  lasers  changes  during  a  typical  20  nsec  pulse 
(Heady,  1971,  p.  16).  It  is  difficult  to  resolve  the  narrow  band 
short  ten  spectrum  of  a  Q-switched  laser  pulse  and  its  associated 
second-harmonic  and  sum-frequency  pulse.  Because  of  this  practical 
difficulty,  all  of  the  narrow  band  radiation  between  2u^  and  2<u2  Is 
often  referred  to  simply  as  second-harmonic  radiation. 

e 

2.6  Second-harmonic  generation  in  a  material  medium 

There  are  two  limiting  cases  of  second-harmonic  generation  in 
material  media  that  will  be  useful  to  consider.  In  the  first  case, 
the  molecules  of  the  medium  are  assumed  to  be  in  perfect  mutual 
alignment  and  arranged  in  a  regular  lattice  with  a  lattice  spacing 
much  smaller  than  an  optical  wavelength.  This  situation  has  been 
analysed  in  detail  by  a  number  of  authors  since  it  can  be  used  to 
represent  crystalline  media  from  which  relatively  intense  collimated 
beams  of  second-harmonic  radiation  have  been  obtained  (Bloembergen, 
1965).  Ve  shall  call  this  the  case  of  coherent  second-harmonic 
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generation  in  a  crystalline  medium. 

la  tha  aaeoad  eaaa  to  ba  considered,  eha  aolaeulaa  of  tba 
medium  are  assumed  to  be  random  la  poeltloa  aad  orleatatioa. 

This  situation  has  slso  beea  analyzed  by  a  maber  of  authors  sloes 
it  eaa  be  used  to  represeat  gaseous ,  liquid  sad  aaorphous  solid 
aedla  (Klellch,  1963;  Terhuae  et  al,  1965;  Bersoha  at  al ,  1966). 

Weak  wide  eagle  scattered  secoad-harmoale  rad  let  loo  has  beea  ob- 

J 

served  from  liquids  aad  amorphous  solids  sad  used  la  the  analysis 
of  molecular  structure  (Terhuae  et  al(  1965).  We  shall  call  this 
the  case  of  incoherent  second-harmonic  generation  in  a  non-crystalline 
medium. 

In  our  analysis  of  both  of  these  limiting  cases ,  we  shall 
neglect  problems  of  reflection  aad  refraction  at  the  boundaries  of 
the  medium.  Ue  shall  also  assume  the  medium  to  be  non-dlssipative. 

2 . 7  Coherent  second-harmonic  generation  in  a  non-dlssipative 

crystalline  medium 

Armstroig  et  al  (Armstrong  et  al,  1962)  have  provided  a  detailed 
analysis  of  second-harmonic  generation  in  what  we  have  called  a 
crystalline  medium.  They  have  shown  that  the  macroscopic  polarization 
of  the  medium  at  the  second-harmonic  frequency  is  the  source  for  a 
second-harmonic  wave  in  the  medium.  Consider  a  single  position  in 
the  medium.  At  this  position  1st  ?^(t)  ■  Re  (Fg  e^UC}  be  the 
scalar  second-harmonic  macroscopic  polarization'.  Let  E^(t)  ■ 


3t 


U  {ij  .J"1)  b«  the  total  scalar  macroscopic  field  in  the  medium 

A  A 

ec  efaie  eeme  position.  The  complex  amplitudes  ?2  sad  ere 
related  by  the  following  equation  (Bloembergen ,  1965,  Eq.  1-13; 
Armstrong  et  el,  1962,  Eq.  3-17): 

A  A  a 

P2  -  X2  E1Z  (35) 

The  quantity  is  called  the  complex  scalar  second-order  nonlinear 
dielectric  susceptibility  of  the  medium.  In  some  cubic  or  amorphous 
media,  is  related  to  &  (See  Eq.  (3)  )  by  a  simple  expression 
(Bloembergen,  1965,  Eq.  3. IS) 

X2  -  L2(u>)  L(2w)  Nv  6  (36) 

where  N  is  the  number  of  molecules  per  cubic  centimeter  and  the 
v 

function  L  is  the  Lorentz  factor  which  is  a  conversion  factor  that 
is  needed  because  3  is  defined  in  terms  of  local  fields  and  X2 
is  defined  In  terms  of  macroscopic  fields.  When  written  in  terms 
of  refactlve  indices,  (Bloembergen  uses  dielectric  constants  rather 
than  refractive  indices)  the  Lorentz  factors  are  (Bloembergen,  1965, 
Eq.  3.18): 

L(«)  -  (nx2  +  2)/3 


(37) 
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L(2w)  -  (n22  ♦  2)/3  (37) 

The  raf ractiva  Indies*  at  ch«  funrli— nril  and  second-harmonic  f  ra- 
quuclM  ara  n^  and  a,  respectively.  In  Cha  abova  equations,  cha 
refractive  lndax  la  a  raal  n unbar  and  S  la  complex. 

Bloembergen  haa  polncad  out  that  Eqa.  (36)  and  (37)  apply  In 
cryatala  only  whan  cha  ralanca  alaetrona  ara  locallsad  around  a 
lattlca  point  with  cubic  symmetry.  Ha  auggaata  that  CuCl,  which 
la  cubic  and  lacka  Inversion  ay— try ,  nay  ba  daacrlbad  by  thaaa 
aquations.  For  symmetries  other  than  cubic,  the  local  field  cor¬ 
rection  factors  will  ba  aora  complicated  and  ara  difficult  to 
determine.  Bloaabargan  has  stated  chat  since  thaaa  correction 
factors  are  not  small  they  ara  a  significant  source  of  error  In 
analytical  estimates  of  (Bloaabargan,  1963,  pp.  69-70). 

Let  the  total  field  at  the  fundamental  frequency  in  a  homogeneous 
isotropic  medium  ba  plana  waves  of  the  form: 

-  j(wt  -  k_a) 

EjU,  t)  •  Be  {Ex  a  )  (36) 

A 

In  this  aquation,  E^  la  constant,  w  la  the  fundamental  frequency, 
and  k^  la  the  fundamental  wave  number  which  la  assumed  to  ba  real. 

We  have  taken  E^  to  ba  constant  and  k^  to  ba  raal  because  we  shall 
assume  that  there  la  a  negligible  fraction  of  the  fundamental  wave 
energy  converted  to  energy  in  higher  harmonic  fields  and  because 


v*  shall  assume  that  Cha  medium  la  loaslaas.  The  second-harmonic 
polarization  la  taken  to  be  of  the  fora: 

*  J  (2uit  -  2k.  z) 

P2(a,  t)  -  8a  {P2  e  1  }  (39) 

A 

In  Eq.  (39),  la  constant.  This  follows  from  Eq.  (35)  and  the 

A 

assumption  that  E^  la  constant  In  Eq.  (38)  (Minck  et  al,  1966, 

Eq.  7,  p.  1359  and  discussion  following  Eq.  17,  p.  1359).  The 
second-harmonic  field  la  assumed  to  have  a  slightly  more  general 
fora  than  the  fundaaental  field.  That  is: 

a  j(2ut  -  k,z) 

E2(x,  t)  -  Re  (E2(z)  e  }  (40) 

A 

In  Eq.  (40),  the  complex  amplitude  E2(z)  is  taken  to  be  a  function 
of  z  since  the  fractional  change  in  the  second-harmonic  field 
energy  as  a  function  of  z  is  significant.  This  should  be  compared 
to  the  constant  complex  amplitude  of  the  fundamental  field  In  Eq. 
(38).  Also,  In  Eq.  (40),  k2  Is  a  real  wavenumber.  This  is  based 
on  the  assumption  that  the  medium  is  lossless  at  the  second-harmonic 
frequency. 


The  complex  differential  equation  for  the  second-harmonic  plane 
wave  amplitude  is  (Minck  et  al,  1966,  Eq.  17): 

A 


dl2(z) 

ds 


(41) 


Equation  (41)  can  ba  derived  from  Maxwell's  equations  together 
with  Eqs.  (35),  (38),  (39),  and  (40).  This  equation  has  been 
derived  in  cgs  units;  however  it  can  be  shown  to  agree  with  an 
equation  derived  by  Minelc  at  al  (Mlnck  at  al,  1966,  Eq.  17)  in 
MKS  units  through  the  conversion  factors  given  in  Appendix  A  to 
this  chapter. 


Let  the  medium  be  an  isotropic  infinite  slab  with  boundaries 
L  T  * 

at  z  -  -  j  and  z  ■  +  —  .  Let  Ej  ■  0  at  z  »  -  L/2.  The  amplitude 
of  the  second-harmonic  wave  at  z  ■  L/2  is  then  given  by  the  fol¬ 
lowing  solution  to  Eq.  (41)  (Minch  at  al,  1966,  Eq.  18): 


Ej (L/2) 


4irjk2X2Ei2 

2 

a2 


sin  AkL/2  . 
Ale  } 


(42) 


In  Eq.  (42),  Ak  ■  2k^  -  k^.  We  shall  continue  to  neglect  reflections 

A  A 

at  the  slab  boundaries.  Therefore,  we  shall  let  E^  and  £^(1/2)  in 
Eq.  (42)  also  stand  for  the  electric  fields  just  outside  the  output 
face  of  the  slab  in  air. 


Equation  (42)  can  also  be  written  in  terms  of  the  time-averaged 
power  per  unit  area  of  the  fundamental  and  second-harmonic  fields 
at  the  output  face  of  the  slab  in  air.  These  are  and 
respectively  (Jackson,  1962,  Eq.  7.67): 


Sl" 


e^k,  a  a 

“Si?  Ei  V 


(43) 


(44) 


S2  -l6^VL/2>  V<L/2> 


where  k^  and  k^a  ara  th®  fundamental  and  second-harmonic  wave 
numbers  In  air  and  c  is  the  speed  of  light  in  vacuum.  Since 
and  n2  ere  both  close  to  unity  in  air,  we  can  write  k^  ■  k^a  and: 


si  -  5F  E1  V 


S2  '  W  E2(L/2)  Va/2) 


Using  Eqs.  (45)  and  (46)  in  Eq.  (42)  and  k^  -  u/c  yields: 


fj  c  -  64,3  k2  x2  ■ -  sin2  AkL/2  . 
S1  l(  co2*  Ak2  > 


If  the  fundamental  and  second-harmonic  fields  are  confined  to 
beams  of  cross  sectional  areas  and  A2  respectively,  then  Eq. 
(47)  can  be  written  in  the  forms 


^2  64ff3  k22  X22  A2  sin2  AkL/2  . 

W1  V  Al2cn24  K  Ak2  5 


(47a) 


where  and  W2  are  the  fundamental  and  second-harmonic  beam 
powers  respectively,  W2/W^  is  the  second-harmonic  power  conversion 
efficiency.  If  the  fundamental  and  second-harmonic  powers  are 


interpreted  as  peak  pulse  powers,  then  the  second-harmonic  energy 


conversion  efficiency  is  given  by  t2  W1  wh*re  Ti  T2  *re 

the  fundamental  and  second-harmonic  pulse  durations. 

From  Eq.  (47a)  it  can  be  seen  that  the  coherent  second-harmonic 
conversion  efficiency  is  a  periodic  function  of  the  slab  thickness 
L.  The  second-harmonic  intensity  first  reaches  a  maximum  when: 

|Ak|L/2  -  tt/2  (48) 


Using  the  fact  that  k^  ■  n^ui/c  and  k^  -  2n2oj/e  one  obtains  for  this 

value  of  L,  which  is  called  L  .  (Minck  et  al,  1966,  p.  1360): 

con 


Lcoh  "  Xl/4lni  ~  n2 I 


(49) 


where  is  the  fundamental  wavelength  in  vacuum.  The  thickness 
defined  by  Eq.  (49)  is  called  the  coherence  length,  Lcojl»  of  the 
medium.  From  Eq.  (49),  the  coherence  length  is  infinite  when  the 
medium  is  non-dispersive,  i.e.,  when  ■  n2-  When  is  the  ruby 
laser  wavelength  (700nm)  it  is  found  that  quartz  exhibits  a  value 
of  jn^  -  n2J  of  the  order  of  2  x  10  (Pressley,  1971,  p.  517).  In 
this  case  L  ^  is  about  ten  ruby  laser  wavelengths. 

The  periodic  growth  and  decay  of  the  second-harmonic  field 
can  be  understood  by  noting  that  solutions  of  Eq.  (41)  are. not 
freely  propagating  waves.  The  travelling  second-harmonic  wave  is 


produced  by  a  polarization  distribution  that  has  baan  created  by 
the  fundamental  travelling  wave.  (That  is,  tha  fundamental 
travelling  wave  E^  produces  a  polarization  in  the  medium  that 
in  turn  produces  the  travelling  second-harmonic  waves  that  are 
found  from  the  solution  of  the  differential  equation  (41)  ) .  The 
fundamental  waves  propagate  at  a  different  speed  than  the  second- 
harmonic  waves  in  a  dispersive  medium.  Hence,  the  second-harmonic 
field  produced  at  a  point  in  the  medium  will  not  necessarily  inter¬ 
fere  constructively  with  second-harmonic  waves  that  have  been  pro¬ 
duced  at  other  points  in  the  medium.  Constructive  or  destructive 
interference  at  a  point  depends  upon  how  far  that  point  is  from 
z  «  -  L/2  and  the  difference  between  the  wave  velocities  at  u>  and 
2u  in  the  medium. 

If  the  slab  is  cut  to  a  thickness  that  is  an  integral  multiple 

of  a  coherence  length,  then  the  second-harmonic  conversion  efficiency 

of  the  slab  will  be  a  relative  maximum.  Periodic  changes  in  the 

travelling  wave  conversion  efficiency  have  been  observed  by  rotating 

thin  quartz  slabs  so  as  to  vary  the  optical  path  length  of  light  in 

the  crystal  (Maker  et  al,  1962).  When  the  slab  thickness  has  been 

"adjusted"  to  yield  a  relative  maximum  of  conversion  efficiency, 

the  actual  value  of  the  conversion  efficiency  is  proportional  to 
-2  4ir 

(Ak)  (see  Eq.  (48)  ).  Since  Ak  *  (n^  -  02)  the  actual  conversion 

^  _2 

efficiency,  at  maximum,  is  proportional  to  (n^  -  02) 

In  many  materials  that  have  been  investigated  for  second-harmonic 


generation  with  ruby  lasers  |n^  -  Ojl  is  a  small  number  ([a,  -  n^l 
_2 

*  10  for  quartz  and  KD P)  (Pressley,  1971,  Table  18-4).  In  later 
chapters,  the  theory  of  second-harmonic  generation  in  crystalline 
media  will  be  applied  to  biological  tissue  (cornea  and  tendon) 
where  values  of  )n^  -  n^j  are  not  generally  available.  In  its 
fresh  state,  tissue  contains  significant  amounts  of  water.  When 
the  fundamental  is  at  the  ruby  laser  wavelength,  the  factor 

n^  -  n^  •  0.018  for  water  is  also  small  (ICT,  Vol.  7,  p.  13). 

_2 

Therefor* ,  the  factor  (n^  -  n^)  can  be  an  important  source  of 
error  in  the  biological  calculations.  A  further  source  of  error 
is,  of  course,  not  knowing  the  extent  to  which  biological  tissue 
can  be  considered  crystalline. 

Complete  constructive  Interference  occurs  for  n^  -  n2  (or 
Ak  ■  0)  which  is  called  the  "index-matched  condition".  Index 
matching  can  be  achieved  for  extraordinary  waves  at  w  and  ordinary 
waves  at  2w  in  certain  directions  in  blrefrlngent  crystals  where 
the  birefringence,  |no  -  n^l ,  exceeds  the  dispersion  [n^  -  n2|  (nQ  ■ 
ordinary  ray  refractive  index,  n^  »  extraordinary  ray  refractive 
index)  (Pranken  &  Ward,  1963,  p.  29).  In  these  crystals  the  conversion 
efficiency  can  become  high  (  20Z  for  crystals  outside  the  laser 

cavity)  (Tariv,  1968,  p.  351).  We  have  not  attempted.  In  our  ex¬ 
perimental  work,  to  obtain  an  index  matched  condition  in  biological 


tissue. 
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2.8  incoherent  second-harmonic  generation  in  non-crystalline  media 

Terhune,  Maker  and  Savage  (Terhune  et  al,  1965)  have  observed 
second-harmonic  generation  from  liquids  and  amorphous  solids 
composed  of  molecules  that  lack  inversion  symmetry.  Their  experiments 
have  also  been  reviewed  by  Minck  et  al  (Mlnck  et  al,  1966,  p.  1371). 

In  these  experiments,  second-harmonic  radiation  did  not  appear  as 
a  beam  but  appeared  rather  as  weak  multi-directional  scattered 
radiation  analogous  to  the  Rayleigh  scattering  that  occurs  in  linear 
media.  In  quantum  mechanical  terms,  the  process  can  be  thought  of 
as  two  photons  being  simultaneously  absorbed  from  the  laser  field 
and  a  third  photon  of  twice  the  energy  being  released  via  spon¬ 
taneous  emission  (Minck  et  al,  1966,  p.  1371).  From  a  classical 
standpoint,  the  second-harmonic  polarization  on  each  is  randomly 
oriented  and  each  molecule  acts  as  a  separate  independent  source  of 
second-harmonic  radiation  (Minck  et  al,  1966,  p.  1371).  In  this 
incoherent  second-harmonic  generation  the  net  second-harmonic  energy 
per  laser  pulse  is  assumed  to  be  the  sum  of  the  energies  at  che 
second-harmonic  frequency  radiated  by  each  separate  molecule  or 
molecular  cluster  (Kielich,  1964,  p.  56).  In  Terhune' s  experiments, 
the  total  second-harmonic  energy  was  a  very  small  fraction  of  the 

laser  input  energy.  Conversion  efficiencies  only  of  the  order  of 
-13 

10  were  obtained  even  when  a  high  peak  power,  Q-switched  ruby 
laser  beam  was  focused  within  the  sample  medium  (Terhune  et  al,  1965, 

p.  681). 


We  shall  now  develop  «  simplified  scalar  modal  for  lacobaranc 
second-harmonic  generation  in  non-dlssipative  aoorphoua  madia.  In 
Appendix  A  of  Chapter  5  of  this  thesis  it  is  shown  that  when 
independent  nonlinear  noncentrosymmetric  molecules  are  randomly 
oriented  in  an  amorphous  medium,  the  instantaneous  second-harmonic 
polarization  induced  on  each  molecule  by  a  coherent  fundamental 
driving  field  is  also  independently  randomly  oriented  CMinck  at  al, 
1966,  p.  1371;  Chapter  5,  Appendix  A  of  this  thesis),  the  phase 
of  the  second-harmonic  radiation  reaching  a  distant  observer  from 
a  given  molecule  is  affected  by  the  relative  position  of  the  molecule 
and  by  tha  orientation  of  the  induced  second-harmonic  dipole  moment. 
These  orientational  effects  can  be  seen  through  the  following  scalar 

A 

example  drawn  from  Appendix  A  of  Chapter  5.  Let  and  the  easy 

direction  of  polarization  of  a  one  dimensional  noncentrosymmetric 
molecule  be  aligned.  To  second  order,  the  Induced  dipole  moment 

a  ^  a  ^ 

is  given  by  u  «  aE,  +  SET  .  Now  rotate  the  easy  direction  of 
XrOC  xoc 

A  A 

polarization  by  180*.  Then  tha  induced  dipole  moment  is  p  *  aEjAC  “ 
SE^oc.  This  molecular  rotation  produces  a  180*  phase  change  in  the 
second-harmonic  radiation  from  the  molecular  dipole.  Now  consider 
a  collection  of  closely  spaced  oscillators.  Let  there  be  as  many 
oscillators  oriented  in  a  given  direction  as  there  are  oriented  in 
the  exact  opposite  direction.  There  can  be  no  coherent  constructive 
Interference  for  second-harmonic  waves  radiated  by  this  collection 
since  for  every  oscillator  radiating  at  2u  with  phase  $  there  is 
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another  oscillator  radiating  at  2u  with  phasa  ♦  +  ir  which  loads  to 
daatructiva  interference  of  coherent  waves. 

How  wo  shall  consider  the  possibility  of  Incoherent  second- 
haraonlc  generation  by  a  collection  of  Independent ,  randomly 
oriented  oscillators.  He  shall  assume  that  In  three  dimensions  the 
random  orientation  of  Independent  molecules  products  a  uniform 
probability  distribution  for  an  Independent  random  variable  4n  where 
is  the  phase  angle  of  the  second-harmonic  radiation  that  reaches 
a  distant  observer  from  the  molecule  of  the  medium.  The  range 
of  phase  angles  will  be  from  $n  ■  0  to  ■  2ir.  W«  shall  also  assume 
that  the  amplitude  of  the  second-harmonic  wave  that  reaches  the 
observer  from  the  n**1  molecule  Is  affected  by  the  distance  between 
the  molecule  and  the  observer  but  is  not  affected  by  the  orientation 
of  the  molecule.  This  last  assumption  is  consistent  with  our  scalar 
approach.  The  effects  of  molecular  orientation  on  the  amplitude  of 
the  observed  second-harmonic  wave  can  be  taken  into  account  with  a 
tensor  approach. 


Consider  a  group  of  N  Independent  randomly  oriented  molecules 

under  the  conditions  described  above.  Let  the  intsrmolecular  spacing 

R__  be  much  less  than  the  distance  R  from  a  molecule  to  the  observer, 
an  no 

The  second  harmonic  field  amplitude  E.  at  the  observer  position  Is 

?  J*n 

then  proportional  to  the  sum  c  ■  l  a  The  time-averaged  second- 

U"1 

harmonic  power  at  the  observer  position  is  proportional  to 

9  J*n  ? 

00*  -  i  e  I  e  When  averaged  with  respect  to  the  uniformly 

o*I  sf! 
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distributed  independent  rand on  variable  4,  one  obtains  the  veil-known 
result  that  00*  -  N  (Soenerfeld,  1964,  pp.  192-193).  Therefore, 
under  the  conditions  of  this  scalar  nodal,  the  tine-averaged  in¬ 
coherent  second-harmonic  power  from  a  non-disslpatlve  aaorphoue 
aediun  la  the  sun  of  the  tine-averaged  second-harmonic  powers 
radiated  bp  the  individual  non-ceatroaynnatric  aolecules  of  the 
aediun. 

The  tine  averaged  second-harmonic  power,  W^,  froa  an  individual 
dipole  with  oscillation  frequency  2u  and  dipole  aoaent  amplitude 
(U2i  la  (Jackson,  1962,  p.  272) 


2  A  A 

where  |u2l  ■  U2U2*.  The  dipole  aoaent  scalar  amplitude  IlijI  WU1 
be  different  for  different  orientations  of  the  molecule  with 
respect  to  the  local  field,  Ej^.  In  the  present  scalar  treatment 
these  differences  will  be  neglected.  Therefore,  we  shell  assume 


With  this  substitution,  Eq.  (50)  becomes: 


2i 


E 


4 

loc ,  1 


(51) 


(52) 
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The  total  second-harmonic  power,  W^,  froa  N  molecule*  la: 


W 


2 


(53) 


The  Lorantz  factors  given  by  Eq.  (37)  for  certain  cubic 
crystalline  media  have  also  been  employed  by  Armstrong  et  al  in 
their  analysis  of  second-order  nonlinear  polarization  in  isotropic 
media  (Armstrong  et  al,  1962,  p.  1925).  Bloembergea  has  cautioned 
that  these  factors  may  be  used  only  when  the  ions  or  molecular 
groups  of  the  medium  are  well  localized  (Bloembergen ,  1965,  p.  68). 

Aj 

Therefore,  under  these  conditions,  the  relationship  between  E^^ 

*  2  * 

and  the  applied  (macroscopic)  field  quantity  E^  is: 

ELc,1  "  l2(w)  L(2tu)  *1  (54) 


With  this  relation,  Eq.  (53)  becomes 


„  16u>  .2  .4,  ,  T2„  ,  ;  4 

w,  •  - r  0  L  (u)  L  (2u>)  E. 

3cJ  A 


(55) 


Equation  (45)  can  be  used  to  relate  E  in  Eq.  (55)  to  the  laser 
power  per  unit  area  S^: 


-  *  64*2  S  2 

w  4  _ _ 

E1  2 


(56) 


If  tha  laser  intensity  is  uniform  ovsr  s  bssa  with  arcs  A^,  than 
Sx  -  W^/a^  wfaara  is  ths  lsssr  power.  With  thasa  substitutions 
msda  in  Eq.  (55),  tha  incoharant  second-harmonic  powar  convarsion 
afflclancy  W^/W^  becomes: 


1024ir2  u)4  02  L4(u)  L2(2ui)  8  V, 
^  412 


(57) 


As  daseribad  previously,  tha  energy  convarsion  afficianey  undar 
pulsad  conditions  is  Tj  V2^t1  V1‘ 

Thara  ara  no  coharanca  length  considaratlons  in  our  modal  of 
a  non-crystal line  madlum.  In  this  typa  of  aadlum,  Eq.  (57)  pradlcts 
that  tha  convarsion  afflclancy  ineraasas  linaarly  with  tha  numbar  of 
irradiatad  molaculaa  H  which  if  tha  baam  cross  saetional  araa  is 
bald  constant,  would  naan  a  llnaar  incraasa  of  saeond-harmonlc 
powar  with  increasing  thickness  of  tha  nonlinear  medlia.  This  should 
be  contrasted  with  tha  periodic  change  with  increasing  slab  thickness 
of  the  convarsion  afflclancy  in  a  crystalline  medium.  No  experimental 
teat  of  this  result  has  bean  found  in  tha  literature.  Such  verification 
is  important  since  thara  ara  a  numbar  of  assumptions  used  in  the 
development  of  tha  theory. 


2.9  Sample  calculations  for  water 


A  theoretical  estimate  of  tha  incoharant  second -harmonic 
conversion  efficiency  of  (amorphous)  liquid  water  will  be  made  from 


so 


the  sealer  model  presented  above.  Tbs  rssulc  will  bs  coopered 
with  experimental  second-harmonic  gsosracloo  daca  reported  for 
water  by  Terhune  et  al  (Terhune  st  al,  1963). 

▲  theoretical  value  of  will  also  be  obtained  for  a  hypo¬ 
thetical  case.  The  hypothetical  case  that  will  be  considered  is 
that  of  a  cubic  crystal  with  the  water  molecule  oscillators  localized 
at  the  cubic  lattice  points.  The  value  of  X2  *or  this  hypothetical 
crystal  will  be  compared  with  the  tensor  components  of  x^j^  that 
have  been  measured  in  KDT  (Mlnck,  1966,  p.  1361).  Vater  was  chosen 
for  these  calculations  because  oscillator  strength  data  is  available. 
Other  materials  for  which  experimental  conversion  efficiency  data 
haa  been  reported  (e.g.  quartz,  carbon  tetrachloride,  acetonitrile 
(Terhune  st  al,  1963)  )  could  not  be  used  to  test  the  scalar  model 
due  to  a  lack  of  oscillator  strength  data.  It  will  be  demonstrated 
that  the  oscillator  strength  is  a  sensitive  parameter  in  calculations 
of  both  Incoherent  and  coherent  conversion  efficiencies.  The 
crystalline  water  example  is  given  to  demonstrate  the  scalar  model 
for  crystalline  media;  it  is  not  meant  to  be  a  realistic  practical 
example. 


2.9a  Calculation  of  incoherent  second-harmonic  conversion  efficiency 
of  liquid  water  -  Comparison  with  experiments  by  Terhune  et  al. 

i.  Ultraviolet  spectrum  of  water 


A  one-dimensional  dipole  oscillator  is  assigned  to  each 


SI 


electronic  dipole  abs orptlon  bond  of  eho  Molecule  being  node led. 

The  second-order  dipole  aoaanC  of  the  aolecule  i*  ceken  to  bo 
the  sum  of  the  second-order  dipole  moments  of  the  oaeilletors 
eeeigaed  to  the  aoleeule.  In  voter,  the  electronic  dipole  ebeorption 
bende  ere  in  the  vacuum  ultraviolet  region  of  the  electromagnetic 
epoctrua  (Herzberg,  1966,  p.  489;  Uetanabe  end  Zelikoff,  1953).  The 
following  deecriptlon  of  theee  bends  is  besed  on  low  pressure  voter 
vapor  spectre  ob coined  by  Wetsnebe  end  Zelikoff  (Wetenebe  end 
Zelikoff,  1953;  Herzberg,  1966,  pp.  489-493).  The  lowest  frequency 
bend  is  centered  et  approximately  165na  and  is  quite  brood  (145m  - 
186m).  The  oscillator  strength  for  this  band  is  0.041  (Watanabe 
sad  Zelikoff,  1953,  p.  754).  The  next  higher  frequency  ebeorption 
appears  as  a  progression  of  diffuse  bands  superimposed  upon  a  broad 
band.  The  short  wavelength  limit  of  the  underlying  broad  band  is 
et  approximately  115nm  and  the  long  wavelength  limit  is  at  approxi¬ 
mately  145nm.  The  center  of  the  underlying  broad  band  is  at  about 
130m.  The  oscillator  strength  of  the  underlying  broad  band  is 
approximately  0.05  (Watanabe  and  Zelikoff,  1953,  p.  755).  The  dif¬ 
fuse  bands  extend  to  shorter  wavelengths.  Another  series  of  bands 
is  evident  in  the  range  105nm  to  115 am.  Oscillator  strength  data 
for  the  diffuse  bands  and  the  short  wavelength  series  of  bands  was 
not  given  by  tfatanabe  and  Zelikoff. 


In  our  calculations  for  liquid  water  at  20*C  and  latm  pressure 
we  shall  only  consider  the  130m  band  and  the  165nm  band.  We  shall 
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mm  that  the  oscillator  itrn|th  and  band  locations  ara  tha 
same  for  water  vapor  and  liquid  vacar.  Tha  oaeillacor  strength  la 
a  aaaaura  of  tha  coupling  batve«m  an  oaclllatlng  dlpola  aoaant  and 
tha  radiation  flald  (Siagnan,  1971,  pp.  82-93).  Tha  oacillator- 
flald  coupling  nap  ba  diffaront  for  low  praaaura  watar  vapor  and 
liquid  watar.  Tharafora,  tha  assumption  of  an  invariant  oaclllator 
at rang th  nay  ba  incorract.  Inaufficiant  information  could  ba 
locatad  to  ineorporata  a  changa  In  oaclllator  at rang th  in  our  calcu¬ 
lations.  An  incraaaa  xn  tha  atrangth  of  tha  local  flald,  which 
conatltutas  ona  changa  in  tha  coupling  batwsan  tha  oscillator  and 
tha  aacroacopic  flald  la  lncludad  in  our  calculatlona  via  tha  Lorantz 
factors  for  liquid  watar. 

11.  Calculation  of  0 

Tha  incoherent  second-harmonic  power  conversion  efficiency  is 
given  by  Eq.  (17). 


1024*2  uU  B2  L4(m>  L2(2«)  H 


(57) 


Tha  scalar  polarizability  3  la  calculated  from  Eqa.  (31)  and 
(34).  Tha  factors  D^ui)  and  0^(20))  in  Eq.  (31)  are  complex  numbers. 
The  following  table  compares  the  real  and  Imaginary  parts  of  these 
factors.  The  comparison  is  based  on  a  2 Ona  linewidth  for  both  tha 
130na  and  165nm  lines  (Vatanabe  and  Zelikoff,  1953,  Fig.  1,  p.  754). 


Tha  entries  In  the  third  column  show  tha  imaginary  part  to  ba  lass 


chan  10Z  of  tha  raal  part  of  each  of  the  factors.  We  therefore 

retained  only  tha  raal  part  as  an  approximation  to  tha  factors 

-32  9/2  -1/2 

whan  computing  $•  Tha  result  for  3  is  2.97  x  10  cm  erg 


Spectral 

Lina 

Di 

Factor 

Ra{D1>  +  j  Im  {D±} 

(Im{D1}/Ra{D1})Z 

163nm 

D^w) 

(1.31-0. 73)xl032-j  3 . 75xl030 

3Z 

165nm 

D1(2u) 

(1. 31-0. 29)xl032-j 7 . 50xl030 

72 

130nm 

DjCu) 

(2 . 10-0 . 07) xl032-j  6 . 06xl030 

32 

130nm 

V±(2u) 

(2 . 10-0 . 29 ) xl032-j 1. 21xl031 

72 

ill.  Calculation  of  Lorentz  factors 

For  Cha  ruby  laser  with  a  wavelength  of  694na,  the  refractive 
indices  and  are  (ICT,  Vol.  7,  p.  13): 

-  1.33 

nj  •  1.34 


Using  Eq.  (37),  cha  Lorantz  factors  are: 
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L(w)  -  1.26 

L(2u)  -  1.27 

lv.  Calculation  of  laser  power 

Terhune  ec  al  report  that  a  1MW  ruby  laser  was  used  (Terhune 
et  al,  1965,  p.  681).  However,  when  referring  to  experimental 
spectra  of  second-harmonic  generation  they  list  the  laser  power 
as  -jMW  for  water  (Terhune  et  al,  1965,  Fig.  2).  We  shall  use  the 
value,  or  5  x  10^2  erg/sec  in  Eq.  (57). 

v.  Calculation  of  the  dimensions  of  the  focus  of  a  laser  beam 

Two  additional  difficulties  arise  in  this  part  of  the  calcu¬ 
lations.  These  are  both  related  to  the  fact  that  Terhune  et  al 
used  a  focused  laser  beam  rather  than  a  collimated  beam  in  their 
experimental  studies  (Terhune  et  al,  1965,  p.  681).  First,  it  is 
very  difficult  to  accurately  estimate  the  cross  sectional  area  of 
a  focused  ruby  laser  beam.  With  low  order  mode  gas  lasers  these 
estimates  can  be  made  more  accurately.  Second,  Eq.  (57)  is  based 
on  homogeneous  plane  wave  illumination  by  the  laser.  It  is  not 
known  whether  homogeneous  plane  waves  exist  anywhere  within  a 
focused  ruby  laser  beam.  With  gas  lasers,  where  a  high  degree  of 
coherence  can  exist,  and  with  high  f-numbeT  (f-number  »  1)  aber¬ 
ration  free  lenses,  theory  predicts  that  a  plane  wave  region  exists 


Around  the  lens  focus  (Kleinman,  1962,  p.  1772;  Bloembergen,  1965, 
p.  122).  In  order  to  continue  these  calculations  we  shall  present 
two  limiting  values  of  the  laser  beam  cross  sectional  area  at 
the  lens  focus  and  assume  the  existence  of  a  homogeneous  plane 
wave  region  at  the  lens  focus.  Concentrating  on  the  focal  region 
is  consistent  with  the  report  by  Terhune  et  al  that  second-harmonic 
generation  was  observed  only  in  the  focal  region  of  the  lens  (Terhune 
et  al,  1965,  p.  681). 

The  dimensions  of  the  focal  region  in  which  Terhune  et  al 

observed  second-harmonic  generation  are  not  known.  For  the  purposes 

of  the  present  calculations,  we  shall  approximate  the  high  intensity 

region  of  the  focused  laser  beam  by  a  cylinder  and  assume  that  the 

only  significant  second-harmonic  generation  occurs  within  the 

cylinder.  The  radius  r  of  the  minimum  focal  spot  size  obtainable 

with  a  single-mode  laser  beam  with  a  divergence  half-angle  8  and 

an  aberration-free  lens  of  focal  length  F  is  commonly  estimated  by 

r  ■  F9  (Ready,  1971,  p.  19).  If  the  laser  operates  in  N  trans- 

m 

verse  modes,  the  focal  spot  size  increases  by  a  factor  of  (Ready, 
1971,  p.  19).  If  the  lens  is  not  perfect  and  if  the  mode  structure 
is  very  complicated  (e.g.  with  rub;*  lasers),  then  the  focal  spot 
size  is  yet  larger  (Ready,  1971,  pp.  22-23).  Ready  has  performed 
studies  with  non-Q-switched  multimode  ruby  lasers,  and  found  that 
the  minimum  spot  diameter  produced  with  a  simple  lens  is  of  the 
order  of  300  microns  (Ready,  1971,  Fig.  1.8  and  p.  23). 


Ready's  scudies  also  include  an  examination  of  the  length  of 
the  focal  region  produced  by  a  simple  lens  and  a  multimode  non-Q- 
switched  ruby  laser.  From  his  data  it  appears  that  there  is  a 
maximum  range  of  about  1mm  in  which  the  focal  spot  diameter  is 
approximately  constant  (Ready,  1971,  Fig.  1.8). 

Based  on  Ready's  studies,  the  cylindrical  region  that  we  would 

use  to  approximate  the  focus  of  a  non-Q-switched  ruby  laser  in  air 

would  have  a  maximum  length  of  -  1mm  and  a  minimum  cross-sectional 
-4  2 

area  of  »  7  x  10  cm  .  The  method  used  by  Ready  was  based  on 
the  size  ->f  holes  punched  in  thin  aluminum  films,  which  may  not 
yield  a  true  measure  of  the  dimensions  of  the  focal  region  (Ready, 
1971,  Fig.  1.8). 

There  are  a  number  of  errors  that  can  occur  if  we  use  Ready’s 
results  to  estimate  the  size  of  the  focal  region  in  the  studies  of 
second-harmonic  generation  by  Terhune  et  al.  First,  Ready's  laser 
was  non-Q-switched  while  Terhune 's  was  Q-switched.  These  lasers 
may  be  focused  differently  since  the  mode  structure  may  be  different. 
Second,  Ready's  focus  was  produced  in  air  and  in  the  presence  of 
metallic  vapors,  while  Terhune 's  focus  was  produced  in  water.  The 
optical  properties  of  these  media  are  different.  Third,  the  results 
that  we  have  quoted  from  Ready  apply  to  only  one  laser  pulse  energy. 
Ready  has  also  shown  that  decreased  by  about  a  factor  of  2  and 
increased  by  about  a  factor  of  1.7  when  the  laser  energy  was 
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raised  from  0.7  Joules  Co  1.2  Joules  (Ready,  1971,  Fig.  1.8).  The 

energy  from  Terhune's  laser  was  only  approximately  0.05  Joules, 

based  on  1/2  MegawatC  peak  power  and  a  lOOpsec  pulse  duration 

(Terhune  et  al,  1965,  Figs.  1  and  2).  Therefore  A^  may  have  been 
-4  2 

smaller  than  7  x  10  cm  and  may  have  been  longer  than  1mm  in 

Terhune's  experiments  due  to  his  lower  laser  energy.  This,  of  course, 
assumes  that  energy  and  not  peak  power  is  the  determining  factor. 
Fourth,  Terhune  et  al  used  a  lens  with  about  a  10cm  focal  length 
while  Ready  presented  most  of  his  results  for  a  2.5cm  focal  length 
lens.  These  differences  should  affect  the  dimensions  of  the  focal 
region. 

The  dimensions  of  the  focal  region  enter  Eq.  (57)  via  the 
2 

factor  N/A^  where  H  is  Che  number  of  molecules  that  radiate  at  the 
second  harmonic  frequency.  To  determine  N,  both  the  length  and 
cross-sectional  area  of  the  focal  region  must  be  known.  The  above 
factor  can  also  be  written  as  N^L^/A^  where  is  the  number  of 
molecules  per  unit  volume  chat  radiate  at  the  second-harmonic  fre¬ 


quency.  Since  Nv  can  be  estimated  independently  from  chemical  data 

the  dimensions  of  the  focal  region  actually  enter  Eq.  (57)  via  the 

factor  L^/A^.  Using  ■  0.1cm  and  A^  »  7  x  10  *  cm^  yields  L^/A^  ■ 
2  -1 

1.42  x  10  cm  .  Based  on  parts  of  the  above  list  of  errors  we 


shall  now  estimate  the  possible  numerical  peak  error  Introduced  by 
using  this  value  of  L^/A^  in  the  analysis  of  the  studies  by  Terhune 


et  al. 


First,  the  effect  of  focusing  the  laser  bean  in  vater  rather 
than  in  air  will  be  considered  on  the  basis  of  a  change  of  wave¬ 
length.  We  can  only  estimate  this  effect  by  using  the  equations 
for  an  ideal  focus  (Klelnman,  1962,  p.  1772).  Using  these  equations 
it  can  be  shown  that  the  factor  L^/A^  is  reduced  by  1/n  where  n  is 
the  refractive  index  of  water  (n  »  1.3). 

Second,  by  using  a  linear  extrapolation  from  the  pulse  energies 

used  by  Ready  to  those  used  by  Tarhune  et  al,  the  cylinder  length 

can  be  shown  to  Increase  from  1mm  to  1.7mm  and  A^  can  be  shown 

-42  -42 

to  decrease  from  7  x  10  cm  to  0.8  x  10  cm  .  This  amounts  to 

a  factor  of  15  Increase  in  the  ratio  L^/A^  over  the  value  of 
-4  2 

1.42  x  10  cm  taken  directly  from  Ready's  studies. 

Third,  we  shall  again  employ  the  equations  for  an  ideal  focus 
to  estimate  the  effect  of  the  lens  focal  length  differences  in  the 
studies  by  Ready  and  Terhune  et  al.  Both  and  are  proportional 
to  the  focal  length  F  (Klelnman,  1962,  p.  1772).  Therefore,  to  a 
first  approximation  there  is  no  error  introduced  by  lens  focal 
length  differences  insofar  as  L^/A^  is  concerned. 

Combining  these  computed  factors,  we  see  that  the  assumption 
2  -1 

that  L^/A^  ■  1.42  x  10  cm  in  the  second-harmonic  experiments  by 
Terhune  et  al  may  be  a  factor  of  11  too  large. 

It  is  useful  to  also  compute  the  ratio  L^/A^  for  a  perfectly 
coherent  beam  and  an  aberration-free  simple  lens  from  the  equations 
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given  by  Kleinman  (Kleinman ,  1962,  p.  1772).  For  the  ruby  laser 

wavelength  (X  •  694nm)  and  a  focus  in  water  (n  »  1.3)  this  ratio 
4  2 

is  L^/A^  ■  4.8  x  10  cm  .  This  is  a  factor  of  338  times  larger 
than  the  value  of  L^/A^  estimated  from  practical  laser  data. 

The  above  calculations  have  been  carried  out  to  show  that 
there  can  be  very  large  errors  in  the  estimate  of  the  dimensions 
of  the  focal  region  of  a  laser.  These  errors  produce  an  uncertainty 
in  the  factor  L^/A^  in  Eq.  (57)  of  as  much  as  two  orders  of  magni¬ 
tude. 

vl.  Calculation  of 

The  number  density  of  dipoles  Nv  is: 


N 


v 


ft 

M.W. 


(58) 


3  23 

where  p  ■  lgm/cm  for  H^O,  NQ  »  6.02  x  10  molecules/gm  mole  and 

22  -3 

M.W.  ■  18  (molecular  weight  of  water).  Thus  Nv  *  3.34  x  10  cm 
for  liquid  water  at  20°C  and  latm.  Also  N/A^  is  9.45  x  10-^  cm-^ 
when  L^/A^  »  1.42  x  10+^  is  used  in  N/A^  *  N^L^/A^. 

vii.  Final  result  for  incoherent  conversion  efficiency  of 
water 

Based  on  the  above  parameter  values ,  Che  predicted  incoherent 


power  conversion  efficiency  for  water,  under  the  experimental  con¬ 
ditions  used  by  Terhune  et  al,  is: 
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W2  -12 
tj=-  -  1.29  x  10 

1 

The  above  number  is  Che  ratio  of  Che  toCal  power  radiated  at  2u 
to  the  total  power  incident  at  u.  If  the  laser  pulse  duration  is 
and  the  second-harmonic  pulse  duration  is  T2  then  the  energy 
conversion  efficiency  is: 


II  Hi 

T1  W1 


(59) 


It  is  shown  in  Chapter  3  of  this  dissertation  that  t2/t^  *  0*70? 
for  Gaussian-shaped  laser  pulses.  Therefore,  if  the  laser  pulse 
is  assumed  to  be  Gaussian  in  the  experiments  by  Terhune  et  al,  then 
the  incoherent  energy  conversion  efficiency  is 


ie 


-  9.1  x  10 


-13 


-13 

Terhune  et  al  have  reported  that  about  10  of  the  incident  laser 
energy  emerged  as  scattered  radiation  near  twice  Che  laser  frequency 
(Terhune  et  al,  1965,  p.  681).  Our  theoretical  estimate  given  above 
is  approximately  an  order  of  magnitude  larger  than  their  reported 
experimental  energy  conversion  efficiency. 

Oscillator  strengths  for  low  pressure  water  vapor  were  used 
to  obtain  our  theoretical  value  of  the  second-harmonic  energy  con- 
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version  efficiency  in  liquid  weeer.  It  hee  been  previously 

mentioned  thee  the  oscillator  strengths  for  liquid  water  may  differ 

4 

from  those  for  water  vapor.  The  oscillator  strength  appears  as  f 
in  the  calculation  of  the  energy  conversion  efficiency.  Therefore, 
an  uncertainty  in  f  can  be  an  important  source  of  error  in  our 
calculations.  A  factor  of  0.56  lower  oscillator  strength  for  the 
liquid  water  absorption  bands  would  reduce  the  calculated  energy 
conversion  efficiency  by  about  one  order  of  magnitude. 

Another  important  source  of  error  in  our  model  is  introduced 
by  neglecting  the  effects  of  oscillator  orientation.  In  our  totally 
scalar  approach  we  have  assumed  that  the  induced  dipole  moment  of  a 
molecule  is  independent  of  the  orientation  of  the  molecule  with 
respect  to  the  electric  field  of  the  laser.  By  assuming  a  random 
distribution  of  molecular  orientations  and  using  tensor  polarizabilities, 
the  calculated  energy  conversion  efficiency  should  be  lower  than,  that 
obtained  from  the  scalar  model. 

Finally,  we  have  shown  that  large  errors  are  introduced  by  the 
uncertainty  in  the  factor  L^/A^  in  Eq.  (57).  This  uncertainty  stems 
from  difficulties  associated  with  mode.lxng  the  focal  region  of  a 
Q-switched  ruby  laser. 

vlii.  Synopsis  of  calculations  of  incoherent  conversion 
efficiency  of  other  amorphous  materials. 

Meaningful  calculations  of  the  conversion  efficiency  of  the  other 
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non-crystalline  materials  studied  by  Tarhuna  at  al  (carbon  tetra¬ 
chloride,  acetonitrile,  fused  quartz)  ware  not  poaaibla.  Oacillator 
strength  data  could  not  ba  located  for  these  materials.  Xn  the  caaa 
of  CCl^,  for  example,  the  strongest  absorption  band  occurs  at  130nm 
(Zobel  and  Duncan,  1955,  p.  2612).  Thera  is  a  water  vapor  absorption 
band  at  this  wavelength  aa  wall  (Vatanaba  and  Zalikoff,  1933,  p.  755). 
Using  just  the  130na  band  and  ths  saas  approach  employed  for  water 
w*  have  computed  the  energy  conversion  efficiency  of  CCl^.  The 
parameter  values  used  in  this  computation  are  listed  below. 

a)  0  -  6.24  x  10”^  cm*^2  srg”^2  tor  f  •  1,  and  assuming 
imaginary  part  of  D  factors  negligible 

b)  0  •  1.56  x  10  ^2  cm*^2  erg  2^2  for  f  *  0.05  (same  f  as  for  H^O 
band  at  130nm),  and  assuming  imaginary  part  of  D  factors 
negligible 

c)  n.  »  1.45 

}  (AIP,  pp.  6-18) 

8 2  -  1-50 

L(u)  -  1.37 
L(2w)  -  1.42 

L*(w)  L(2u) 2  -  7.1 

d)  Wj  •  5  »  10'"2  erg/ssc  (same  ss  HjO) 

e)  ■  142  (sama  as 


r 


f)  p  *  1.59  gm/ca3  (AIP ,  pp.  2-147) 

M.W.  -  154 

-  6.23  x  1021/cm3 

*)  X2Jt1  -  0.707. 

6.5  x  10  ®  for  f  ■  1 

Energy  conversion  efficiency  - 

4.1  x  10*14  for  f  -  0.05 

The  above  oscillator  strengths  represent  a  very  strong  oscillator 
(f  -  1)  and  an  oscillator  with  strength  equal  to  that  of  water  at 
130nm  (f  •  0.05).  The  vide  range  of  conversion  efficiency  values 
brackets  the  conversion  efficiency  of  about  10  3,3  reported  by 
Tarhuna  at  al  (Terhune  at  al,  1965,  p.  681).  To  obtain  agreement 
with  their  value,  an  oscillator  strength  of  0.1  is  required.  This 
may  be  a  reasonable  value  of  f;  however,  we  have  no  aprlorl  basis 
upon  which  to  assume  this  value. 

2.9b  Calculations  related  to  coherent  second-harmonic  generation 

The  calculation  of  coherent  second-harmonic  conversion 

2 

efficiencies  requires  computation  of  X2  which  itself  depends  upon 
2  4 

8  (Eq.  (36)  ).  Therefore,  the  factor  f  also  enters  in  the  analysis 
of  crystalline  media.  In  addition,  the  dispersion  of  the  index  of 
refraction  between  u  and  2u  is  a  sensitive  parameter  in  the  calcu¬ 
lations  of  coherent  conversion  efficiency. 


Consider  the  extension  of  the  calculations  on  water  to  the 


OH 


following  hypothetical  cm*.  Lac  tho  water  molecule  oscillators 
ba  localized  at  tha  sitas  of  a  cubic  crystallina  lattica.  Tha 
nonlinaar  susceptibility  x2  than  (Eq.  (36)  ): 

X2  -  L2(w)  L(2u)  Mv  6 

Using  tha  valuss  of  Nv,n(2w),  n(u)  and  £  for  liquid  water  yields 
-9  3/2  -1/2 

X2  "  2  x  10  as  erg  Compare  this  result  to  tha  components 

of  8  for  “DP,  which  range  from  6  x  10~®  cm^2  arg”2^2  to 
pqr 

-9  3/2  -1/2 

3.2  x  10  cm  erg  (Minck,  1966,  p.  1361).  Tha  higher  values 
of  nonlinaar  susceptibility  in  KDP  may  ba  related  to  tha  higher  index 
of  rafraction  which  produces  higher  local  fields  in  KDP  than  occur  in 
liquid  water  (Minck,  1966,  p.  1361). 

Tha  hypothetical  water  "crystal"  would  have  a  considerably 

higher  second-harmonic  conversion  efficiency  than  liquid  water.  Tha 

difference  between  the  coherent  conversion  efficiency  of  a  real 

crystalline  material  and  the  incoherent  conversion  efficiency  of 

a  real  non-crystalline  material  can  be  demonstrated  with  quartz. 

Terhune  et  al  have  found  the  incoherent  conversion  efficiency  of 

-13 

non -crystalline  (fused)  quartz  to  be  ^  10  using  a  focused  1MW 

peak-power  ruby  laser  (Terhune  et  al,  1965,  p.  681).  Franken  et  al 

-8 

obtained  a  value  of  about  10  for  the  conversion  efficiency  of 
crystalline  quartz  using  a  focused  3kW  peak-power  ruby  laser  (Franken 
et  al,  1961;  Pershan,  1966,  p.  123).  The  coherent  conversion 
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efficiency  ie  five  orders  of  aagnitude  greeter  then  the  Incoherent 
conversion,  efficiency  even  though  the  laser  power  was  lower  In  the 
experiments  with  crystalline  quarts. 

With  certain  assumptions,  the  ratio  of  these  experlaantal 
conversion  efficiencies  can  be  predicted  from  the  scalar  nodal 
presented  in  this  chapter.  Flrse,  it  will  be  assuaad  chat  In  the 
experlaents  by  Franken  at  al  the  coherent  conversion  efficiency 
was  approxiaately  a  aaxlaua  (l.e.  sin2  3  1  in  Eq.  (47a)  ). 

Second,  it  will  be  assuaed  that  second-harmonic  generation  occurred 
only  in  the  focal  region  of  the  lenses  used  by  Terhune  at  al  (fused 
quartz  study)  and  Franken  at  al  (crystalline  quartz  study).  Further¬ 
ance,  the  focal  region  for  both  the  fused  and  crystalline  quartz 
studies  will  be  approximated  by  a  cylinder  that  is  0.1cm  long  and 
0.03ca  in  diameter  as  was  done  in  the  analysis  of  liquid  water  carried 
out  above.  This  assumption  can  be  a  serious  source  of  error. 

The  maximum  coherent  energy  conversion  efficiency  is 

(Eq.  (47a)  ): 

64ir3  x2  x22  Wx 
C,B  tx  n24  ^  c(n]L  -  n2)2 

Assume  that  x2  *n<1  8  are  related  by  the  approximate  expression  (see 
Eq.  (36)  ) 


X2  -  L2(w)  L(2w)  Ny  6 
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As  indicated  before,  this  expression  may  only  be  suitable  for  cubic 
or  noncrystalline  media  where  the  electron  clouds  are  well  localized. 
Crystalline  quartz  is  not  cubic,  therefore  using  this  expression 
may  introduce  a  source  of  error. 


Let  the  incoherent  energy  conversion  efficiency  be  given  by 
Eqs.  (57)  and  (59)  with  N/A^  replaced  by  l^L^/A^. 

The  ratio  of  the  maximum  coherent  energy  conversion  efficiency 
Cceffl  £o  the  incoherent  energy  conversion  efficiency  is  then 


C 

cem 


t2  Wlc 

(0.6)(  -2-±£.)( 

T1  wli 


N  c 
v 


t  2,  ,2  4 

n 2  (n^  -  n ui 


(61) 


where 


W^c  ■  Laser  power  in  coherent  conversion  experiments 

W-j  ±  ■  Laser  power  in  incoherent  conversion 
experiments 


The  values  of  the  parameters  used  in  Eq.  (61)  are 


t2/t1  "  °-707 

22  -3 

Hv  ■  3  x  10  cm  for  both  crystalline  and  fused 
quartz  (CRC,  p.  B-218) . 

n2  -  1.47  (AIP,  p.  6-31) 
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(nx  -  n2)2  -  4  x  1<T4  (AIP ,  p.  6-31) 

■  0.1cm 

Cle  -  10“13  (Terhune  et  al,  1965) 

•  10®  watts  (Terhune  et  al,  1965) 

WU  *  3  x  10‘J  watts  [Based  on  3J  pulse  (Franken 

et  al,  1961)  and  1msec  pulse  duration.  Pulse 
duration  not  given  by  Franken  et  al.  Value 
assumed  is  typical  of  non-Q-switched  lasers] 

u  ■  2.72  x  1015  rad/sec  (ruby  laser) 

Using  these  values  with  Eq.  (61)  one  obtains  C  _  ■  4.5  x  10-*0  for 

cem 

the  predicted  value  of  the  maximum  coherent  energy  conversion 
efficiency  of  crystalline  quartz. 

Franken  et  al  reported  that  on  the  order  of  10^  second- 

harmonic  photons  were  produced  by  each  ruby  laser  pulse  of  ■v  3J 

energy  at  694. 3nm  (Franken  et  al,  1961,  p.  119).  A  3J  laser  pulse 

19 

at  694nm  contains  1.05  x  10  photons.  The  ratio  of  photons  at  2u 

_a 

to  photons  at  u  is  therefore  9.5  x  10  .  The  ratio  of  the  total 

energy  at  2u  to  the  total  energy  at  is  twice  the  photon  ratio 
—8 

or  1.9  x  10  .  Therefore,  the  coherent  energy  conversion  efficiency 

observed  in  the  experiments  by  Franken  et  al  is  a  factor  of  42  larger 


than  the  maximum  coherent  energy  conversion  efficiency  predicted 
by  the  scalar  model. 

The  assumption  that  the  coherent  conversion  efficiency  was 
at  a  maximum  in  the  experiments  by  Franken  et  al  is  questionable. 
Experiments  have  been  reported  where  the  conversion  efficiency  of 
crystalline  quartz  was  explored  for  crystal  thicknesses  that  were 
equal  to  a  coherence  length  (Eq.  (49)  )  (Maker  et  al,  1962).  In¬ 
sufficient  information  was  given  in  these  latter  studies  to  enable 
a  comparison  with  prediction  by  the  scalar  model.  The  assumption 
that  was  the  same  in  both  studies  may  be  the  major  source  of 
error  in  these  calculations. 

Equation  (61)  shows  that  if  quartz  is  transformed  from  a 
crystalline  to  an  amorphous  phase  while  the  laser  power  and  focusing 
parameters  are  held  constant,  then  a  five  order  of  magnitude  decrease 
in  the  energy  conversion  efficiency  will  occur.  This  suggests 
second-harmonic  generation  measurements  as  being  sensitive  indicators 
of  certain  crystalline  to  amorphous  material  transformations.  An 
application  of  this  to  biomaterials  will  be  reported  in  Chapter  6  of 
this  dissertation. 

2.10  Summary 

We  have  reviewed  some  of  the  general  principles  of  optical 
second-harmonic  generation.  Approximate  scalar  models  for  the 


second-order  polarizability  and  susceptibility,  and  the  second- 
harmonic  conversion  efficiency  of  ordered  (crystalline)  and 
amorphous  (non-crystalline)  mania  were  given.  These  models  were 
shown  to  yield  numerical  predictions  that  were  within  an  order  of 
magnitude  of  experimental  measurements  of  the  conversion  efficiency 
of  water  (unordered  medium)  and  crystalline  quartz  (ordered  medium) . 
In  later  chapters  these  models  will  be  employed  in  an  analysis  of 
second-harmonic  generation  by  biological  tissue. 
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APPENDIX  A 

The  following  table  is  presented  to  allow  the  reader  to  convert  the 
Gaussian  cgs  symbols  used  in  this  dissertation  to  their  MKS  form. 

To  use  the  table,  replace  the  Gaussian  symbol  by  the  corresponding 
MKS  symbol.  A  more  complete  conversion  table  that  includes  the 
defining  equations  can  be  found  in  Scott,  1959,  Table  A.7A. 


Quantity 

Gaussian  czs 

MKS 

Dielectric  permittivity 

£  (dimensionless) 

2  2 
£(coul  /n  -  m  ) 

Free  space  dielectric 

£  ■  8.854xl0“^sec2coul2/kg' 

permittivity 

£  -  1 

0 

Dielectric  Constant 

K  -  £/£ 

o 

Electric  field 

E(statvolt/cm) 

E(volt/m) 

Polarization 

2 

P  (statcoul/cm  ) 

P(coui/m2) 

First  order  scalar 
susceptibility 

v  -111 

Xl  ~ 

X].  ■  e  -  1 

Second  order  scalar 

X2(cm3/2  erg~1/2) 

Y .  , 

susceptibility 

4ff/4ir'  e 

o 

Refractive  index 

n  -  /£ 

CHAPTER  3 


A  BRIEF  DESCRIPTION  OF  THE  CONSTITUENTS  AND  CHARACTERISTICS 
OF  CERTAIN  VERTEBRATE  CONNECTIVE  TISSUES 

Mosc  of  Che  biological  tissues  studied  in  this  research  (cornea, 
sclera,  tendon,  dermis)  belong  to  the  class  of  connective  tissues. 

These  are  tissues  whose  function  is  generally  structurally  supportive, 
however^  in  the  case  of  the  cornea,  the  optical  roles  of  light  trans¬ 
mission  and  focusing  as  well  as  the  supportive  role  are  important. 
Connective  tissue  contains  cells  (fibroblasts  and  histiocytes  are 
present),  extracellular  fibers  imbedded  in  a  ground  substance,  and 
tissue  fluid  in  spaces  (Bloom  and  Fawcett ,  1968) .  The  extracellular 
fibers  are  either  elastic  (extensible)  or  collagenous  (inextensible) . 

In  the  case  of  tendon,  cornea,  and  sclera,  there  is  a  preponderance 
of  collagenous  fibers.  In  general,  there  is  a  greater  volume  of 
extracellular  material  than  there  is  of  cellular  material  in  connective 
tissue. 

3.1  Collagen  and  collagen-related  molecular  constituents  of  connective 
tissue. 

Collagen  is  a  natural  protein  polymer  that  forms  a  fibrous 
component  of  skin,  tendon,  cornea,  and  sclera.  It  is  primarily 
responsible  for  the  limited  extensibility  of  these  tissues.  The 
thermo-mechanical  properties  of  collagen  fibers  have  been  shown  to 
change  during  the  life  of  rats  (Verzar,  1963;  Kohn,  1971).  For  this 
reason  collagen  has  been  of  interest  in  specifying,  biological  age 
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racher  chan  calendar  age  In  gerontological  studies  (Verzar,  1963). 

Collagen  is  widely  used  as  a  weakly  antigenic  material  for 
sutures  and  bandages  (Van  Winkle,  1954),  and  has  been  investigated 
for  use  in  a  variety  of  surgical  procedures  (L'Esperance,  1965). 

In  industry i  leather  production  is  based  upon  cross-linking  of 
collagen-rich  animal  corium;  glue  manufacturing  is  based  on  gelatin 
which  is  the  thermal  degradation  product  of  collagen;  and  in  meat 
processing* relatively  insoluble  collagen  is  converted  to  gelatin 
which  is  digestible.  From  this  list  is  is  clear  that  collagen  is  a 
material  of  wide-ranging  importance  and  it  is  not  surprising  that  a 
vast  literature  on  collagen  has  been  developed. 

The  optical  properties  of  collagen  form  a  part  of  this  literature. 
For  example,  birefringence  and  optical  rotation  studies  of  collagen 
have  contributed  information  regarding  collagen  molecular  structure 
(Doty,  1959).  The  spatial  distribution  of  collagen  in  the  cornea  is 
thought  to  be  the  determining  factor  in  the  transparency  of  this 
tissue  (Langham,  1969).  To  the  best  of  our  knowledge,  the  non-linear 
optical  properties  of  collagen  have  not  been  previously  investigated. 

When  connective  tissue  is  examined  with  the  light  microscope, 
collagen  normally  appears  as  fiber  bundles.  At  very  high  magnifications, 
faint  longitudinal  strlations  are  discernable  within  individual  fibers 
of  the  bundles  (Bloom  and  Fawcett,  1968).  With  the  polarizing  micro¬ 
scope,  all  fibers  show  form  birefringence  (Bloom  and  Fawcett,  1968). 

The  strlations  and  form  birefringence  suggest  the  existence  of 
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structural  elements  of  much  smaller  diameter  chan  Che  fiber  with  long 
axes  along  the  axis  of  the  fiber.  With  the  electron  microscope, 
these  smaller  structural  elements  are  found  to  be  non-branching 
fibrils  of  indefinite  length  that  range  in  diameter  from  approximately 
lOnm  to  250nm  depending  upon  the  tissue  of  origin  (Bloom  and  Fawcett, 
1968;  Gross,  1961;  Schmitt  et  al,  1942). 

Early  low  angle  x-ray  diffraction  studies  as  well  as  electron 
microscopic  studies  have  been  reviewed  by  Bear  (Bear,  1952).  These 
studies  showed  that  native  collagen  fibrils  possess  a  basic  re¬ 
peating  structure  with  approximately  640A  (64nm)  period  along  the 
fibril  axis.  In  the  x-ray  studies,  this  periodicity  was  manifested 
by  a  low  angle,  horizontal,  diffraction  pattern  at  640A  while  in  the 
electron  microscopic  studies,  characteristic  cross  bands  with  640A 
period  were  found  to  traverse  the  diameter  of  each  fibril.  With 
phosphotungstic  acid  stains,  asymmetric  sub-bands  (lntraperlod 
pattern)  were  resolved  (Bear,  1952).  According  to  Gross  (Gross,  1961), 
it  was,  at  first,  thought  that  the  640A  period  band  in  native  collagen 
fibrils  was  formed  when  collagen  molecules  aggregated  side-by-side 
and  end-to-end  in  exact  register. 

The  hypothesis  that  the  collagen  molecule  is  approximately  640a 
long  was  seriously  questioned  when  it  was  found  that  dissolved 
collagen  fibrils  could,  under  the  right  conditions,  be  precipitated  to 
form  not  only  fibrils  with  the  "native"  640A  periodicity  but  also  to 
form  fibrils  of  various  lengths  with  2800A  periodicity,  210A  periodicity, 


or  no  periodicity  at  all  (Wood,  1970).  The  careful  viscosity,  light 
scattering,  flow  birefringence  and  sedimentation  studies  of  Bodtker 
and  Doty  (Doty,  1959)  using  highly  monodisperse  solutions  of  ichthyocol 
collagen  showed  the  collagen  molecule  to  be  an  extremely  asymmetrical 
rodlet  approximately  3000A  long,  13A  in  diameter,  and  having  a 
molecular  weight  of  about  330,000.  Studies  on  other  soluble  collagens 
such  as  that  from  rat  tail  tendon,  rat  skin,  codfish  skin,  cod  swim 
bladder,  and  calf  skin,  have  yielded  molecular  dimensions  and 
molecular  weights  in  close  agreement  with  those  q'<o***d  above  (Wood„ 
1970) .  The  various  periodic  aggregation  patterns  of  collagen  have 
been  successfully  interpreted  by  assuming  a  basic  molecular  unit  of 
these  dimensions.  For  example,  native  collagen  fibrils  are  thought 
to  be  formed  by  an  end-to-end  aggregation  of  collagen  molecules  to 
form  protofibrils  with  a  stagger  of  about  one-fourth  the  length  of 
a  molecule  between  adjacent  protofibrils.  This  model  pictures  the 
collagen  fibril  as  a  highly  ordered  aggregate  of  collagen  molecules. 

In  the  cornea,  it  has  been  found  that  in  addition  to  there  being 
a  high  level  of  order  among  collagen  molecules  inside  the  collagen 
fibrils  (intrafibrillar  order) ,  there  is  also  a  discemable  order 
among  the  fibrils  themselves  (interfibrlllar  order).  By  "order 
among  the  fibrils"> it  is  meant  that  in  local  regions  of  the  cornea 
the  fibril  diameters  are  approximately  equal,  the  fibril  long  axis 
directions  are  approximately  the  same,  and  the  fibrils  are  separated 
by  approximately  equal  distances  without  touching  one  another  (Maurice, 


1969a) .  Tha  diamacars  and  spacing  of  cha  collagan  fibrils  of  ochar 
connacdva  dssuas,  such  as  cha  akin  and  sdara  (whica  cunlc  of  cha 
ayaball) ,  may  noc  ba  as  ragular  as  in  cha  cornaa  (Maurlca,  1969b; 
Banadak,  1971). 

Soma  auchors  baliava  chac  cha  incarfibrlllar  ordar  in  cha  cornaa 
is  dapandanc  upon  carcain  larga  aolaculas  (macromolaculas)  chac  axlsc 
in  an  apparancly  amorphous  mac a rial  (ground  subscanca)  chac  fills  cha 
spacas  bacvaan  cha  fibrils  (Mathavs,  1969;  Diacha,  1970;  Maurlca 
and  Rilay,  1970).  Thaaa  macromolaculas  t.a  carbohydraca- amino  acid 
complaxas  and  can  ba  placad  inco  two  cacagorlas  according  co  whachar 
chair  propardas  ara  moody  sugar-llka  (glycosasiinoglycans)  or 
moady  protaln-llka  (glycoprocains)  .  Two  ganaral  Cypas  of  modals 
hava  baan  proposad  for  cha  ordaring  acclon  of  cha  abova  ground  sub¬ 
scanca  macromolaculas  upon  cha  collagan  fibrils  of  cha  cornaa.  In 
cha  firsc  cypa  of  modal,  spring- lika  carbohydraca  sida  chains  ara 
picturad  as  baing  accachad  co  cha  collagan  fibrils.  Thasa  sida  chains 
hold  cha  fibrils  apart  from  ona  anochar  in  a  loosa  lacdca  of  parallal 
fibrils  wlch  approximataly  aqual  spacing.  In  cha  sacond  cypa  of  modal, 
a  ground  subscanca  glycoprocaln  is  plccurad  as  forming  a  covalantly 
bound  coating  around  cha  collagan  fibrils.  Tha  obsarvad  ragular 
saparaclon  bacwaan  cha  fibrils  may  ba  controllad  by  cha  chicknass  of 
cha  coaclng.  This  coating  may  also  ragulaca  cha  diamacar  co  which  a 
collagan  fibril  can  grow.  Tha  coating  is  noc  visibla  wlch  Cha  alac- 
cron  microscope;  only  cha  fibrils  chamselvas  ara  saen. 
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Wacar  uy  also  play  a  rola  in  cha  scruccura  and  ordar  of  collagen 
fibrils.  Eldan  (Elden,  1968)  has  reviewed  rasaarch  on  cha  adsorption, 
or  binding,  of  water  by  collagan  fibars  In  vlcro  and  has  compared 
experimental  rasulcs  co  aavaral  models  for  water  adsorption  from  gas 
and  liquid  wacar  phasas.  Thara  is  appraciabla  binding  of  wacar 
multilayers  co  cha  fibars  from  cha  wacar  gas  phasa  ac  low  vapor 
prassura.  AC  hlghar  vapor  prassuras,  wacar  avancually  condansas  in 
hypochacical  capillary  spacaa  in  cha  fibrils  and  in  largar  fibars. 

This  wacar  is  also  classifie'4  balng  bound. 

Eldan  has  also  ravlawad  signlflcanc  aarly  x-ray  dlffracdon 
scudlas  of  waccad  and  dry  candons  parformad  by  Bolduan  and  Baar 
(Eldan,  1968;  Bolduan  and  Baar,  1949).  Thasa  scudias  showad  de- 
craasad  contrast  in  cha  x-ray  scaccarlng  pattam  of  dry  candon  fibars 
comparad  co  moisc  candon  fibars.  Smaaring  of  cha  scaccarlng  patcarn 
along  cha  axis  of  dry  fibars  indicacad  dacraasad  ordar  along  chis 
axis.  Thus  cha  band  and  incarband  ragularicy  of  cha  collagan  fibril, 
and  charafora  cha  incraf ibrillar  ordar,  is  apparently  affactad  by  cha 
praaanca  of  wacar.  In  reviewing  cha  work  of  Rougive  and  Baar  in 
kangaroo  call  candon,  Eldan  reporcs  chac  ac  low  relative  humidity, 
water  may  form  a  monolayer  around  collagan  molecules  within  the  fibril 
which  somehow  increases  Che  basic  longitudinal  period  of  che  fibril 
from  600A  co  640A.  When  Che  relative  humidity  is  increased,  an  ap¬ 
parent  slight  lateral  separation  between  fibrils  occurs.  Additional 
lateral  separation  and  a  further  increase  in  Che  basic  axial  period 
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Co  690A  occurs  sc  very  high  relative  humidity. 

In  contrast  with  cha  esndon  studios  reviewed  by  Elden,  Maurice 
(Maurice  and  Riley,  1970a)  has  provided  evidence  that  no  significant 
quantity  of  water  exists  in  corneal  collagen  fibrils. 

We  have  seen  that  the  collagen  fibrils  of  connective  tissue  are 
aggregates  of  collagen  aolecules  with  a  high  level  of  orientational 
and  positional  regularity  existing  among  these  aolecules.  In  the 
cornea,  there  is  also  a  noticeable  regularity  of  fibril  position. 

We  have  Indicated  that  carbohydrate-aalno  add  molecular  complexes 
and  some  water  may  be  bound  to  Che  collagen  fibril.  On  this  basis, 
there  may  then  be  a  degree  of  orientational  and  positional  order 
among  theae  collagen-related  aolecules  that  is  produced  by  their 
interaction  with  the  collagen  fibrils.  As  was  indicated  in  Chapter  2, 
orientational  and  positional  order  is  important  for  efficient  optical 
second-harmonic  generation.  Therefore,  collagen,  water,  and  cha  car¬ 
bohydrate-  ealno  acid  complexes  may  all  contribute  to  the  optical 
second-harmonic  conversion  efficiency  of  connective  tissue.  Connective 
tissue,  by  virtue  of  its  relative  molecular  regularity,  should  not  be 
likened  to  a  liquid  but  may,  as  in  the  case  of  the  cornea,  behave  more 
like  a  crystalline  medium  insofar  as  second-harmonic  generation  is 
concerned. 

3.2  A  brief  description  of  the  cornea  and  sclera 

The  outline  presented  in  this  section  generally  follows  a  more 


detailed  critic*!  r*vl*v  by  M*uric*  (Maurice,  1969).  Th*  mechanical 
functions  of  th*  corn**  *nd  aclar*  *r*  to  provid*  *  protactiv*  coat 
for  th*  *y«,  to  provid*  a  con* cant  volume  outar  chamber  for  th* 
ocular  fluids  which  «x*rt  an  outward  hydroatatic  pressure,  and  to 
provid*  (in  th*  caa*  of  th*  sclara)  a  smooch  lubricated  bearing  sur¬ 
face  for  th*  rotational  notion  of  th*  *y*.  In  th*  noraal  *y*t  th* 
corn**  is  highly  transparent  to  visible  radiation  and,  as  a  result 
of  its  curvature  and  rafractiv*  index,  is  th*  major  refracting  compo¬ 
nent  of  th*  ey*  (th*  Ians  provides  a  correction  for  optimal  imaging 
onto  th*  retina).  In  th*  normal  eye,  th*  sclera  is  whit*  and  opaque 
as  a  result  of  intense,  visible  light  scattering. 

Th*  dlam«t*r  of  th*  corn**  in  nature  rabbits  is  about  1cm.  Th* 
normal  thickness  of  th*  rabbit  cornea  is  approximately  0.4mm  at  th* 
c*nt*r  with  the  thickness  of  th*  cornaal  periphery  being  approximately 
0.6mm.  When  the  com**  is  excised  and  exposed  to  air,  it  gradually 
loses  water,  its  thickness  decreases  slightly,  it  becomes  lass 
flexible,  and  its  surface  becomes  Irregular,  however  its  transparency 
remains  high.  When  a  freshly  excised  cornea  is  placed  in  aqueous 
solution,  it  absorbs  water,  its  thickness  increases  markedly,  it  be¬ 
comes  nora  rigid,  its  surface  remains  regular,  and  it  clouds  and  be¬ 
comes  relatively  opaque. 

Th*  thickness  of  the  rabbit  sclera  is  approximately  th*  same  as 
the  comeal  periphery.  Whan  excised  and  exposed  to  air,  the  sclera 
becomes  thinner,  and  less  flexible.  The  sclera  is  markedly  more 


transparent  whan  dry,  buc  cha  surface  becomes  irregular.  There  is 
only  a  slight  swelling  and  hydration  of  the  sclera  when  placed  in 
aqueous  solution. 

Classical  descriptions  of  the  structure  of  the  cornea  subdivide 
this  tissue  into  five  parallel  internal  layers.  Beginning  with  the 
outermost  layer,  these  are  called  epithelium.  Bowman's  zone,  stroma, 
Oascemet ' s  membrane,  and  endothelium.  The  epithelium  is  bathed  by 
the  tear  layer. 

In  both  the  rabbit  and  man,  the  outermost  layer  (epithelium)  is 
five  to  six  cells  deep. 

In  sun,  Bowman's  layer  is  approximately  the  first  12u  of  tissue 
subjacent  to  (on  the  deep  side  of)  the  epithelium.  In  rabbits  there 
is  a  similar  layer  which  is  only  l-2u  chick. 

The  collagen  fibrils  of  the  stroma  are  approximately  19nm  in 
diameter  in  anterior  regions  and  progressively  increase  to  approxi¬ 
mately  34nm  in  posterior  regions.  In  any  given  region,  the  statistical 
distribution  of  fibril  diameters  is  quite  narrow.  Schwarz  and 
Keyserlingk  have  reported  that  in  a  particular  normal  human  stromal 
region  where  the  mean  fibril  diameter  was  approximately  20nm,  a 
decided  majority  of  the  fibril  diameters  were  between  14nm  and  26nm 
(Schwarz  and  Keyserlingk,  1967).  Hart  and  Farrell  give  an  approximate 
value  of  50nm  for  Che  center-co-center  spacing  of  collagen  fibrils 
(Hart  and  Farrell,  1969).  The  low  amplitude,  short  range  fluctuations 


abouC  the  average  fibril  diameter  and  average  inter-fibrillar  spacing 
have  been  suggested  to  be  an  important  factor  in  corneal  transparency 
(Benedek,  1971;  Hart  and  Farrell,  1969). 

The  corneal  stroma  contains  a  small  number  of  modified  fibro¬ 
blasts  and  polymorphonuclear  leucocytes  (Bloom  and  Fawcett,  1968). 

Maurice  (Maurice,  1969c)  gives  a  value  of  5u  to  10u  for  the 
thickness  of  Descemet's  membrane.  Jakus  (Jakus,  1956)  has  reported 
varying  degrees  of  apparent  organization  for  different  species  in 
electronmicrographs  of  Descemet's  membrane.  Chemical  analysis  for 
hydroxyproline  indicates  that  collagen  is  also  present  in  this 
region  (Maurice ,  1969d) . 

Maurice  (Maurice,  1969d)  has  reviewed  studies  which  show  that 
collagen  is  responsible  for  75X  of  the  dry  weight  of  the  sclera. 

The  collagen  fibrils  of  the  sclera  show  more  interweaving  than  cor¬ 
neal.  fibrils.  Also,  scleral  fibril  diameters  are  larger  than  cor¬ 
neal  fibrils  in  addition  to  having  a  broader  statistical  spread  of 
diameters  which  range  from  approximately  30nm  to  a  maximum  value  of 
about  250nm  (Schwarz,  1957). 

3.3  A  brief  description  of  tendon 

In  general,  tendons  function  as  virtually  inextensible  links 
between  muscle  and  ocher  tissues,  as  for  example  between  muscle  and 
bone.  These  tendons  transmit  forces  from  the  muscle  to  the  other 


tissue.  Electron  micrographs  of  rat  tail  tendon  by  Vanamee  and 
Porter  (Vanamee  and  Porter,  1957)  show  collagen  fibrils  with  diameters 
ranging  from  approximately  80nm  to  160nm  and  with  the  usual  cross¬ 
band  period  of  about  640A.  Schwarz  (Schwarz,  1957)  has  found  that 
the  fibril  diameters  in  this  tendon  range  from  30nm  to  190nm.  In 
this  tendon,  fibrils  are  closely  packed  in  parallel  arrays  to  form 
fiber  bundles  whose  axes  are  along  the  direction  of  may! mum  tensile 
stress.  The  fiber  bundle  diameters  are  of  the  order  of  magnitude 
of  10w  (Bloom  and  Fawcett,  1968).  Between  the  fiber  bundles  is  a 
thin  layer  of  connective  tissue  anc  cells. 

3.4  A  brief  description  of  skin 

The  general  functions  of  skin  include  mechanical  protection, 
protection  from  dehydration,  heat  transfer  and  temperature  regulation, 
sensation,  and  energy  storage  in  the  form  of  subcutaneous  adipose 
tissue.  There  are  two  principal  layers  of  the  skin,  the  outer 
cellular  layer  (epidermis)  and  the  underlying  inner  layer  containing 
collagen  fibers  (dermis).  Beneath  the  second  layer  is  a  third  layer 
(subcutaneous  tissue)  that  contains  collagen  fibers  as  well  as  fat. 

Although  the  dermis  contains  a  number  of  elements  such  as  cells 
and  blood  vessels,  its  major  constituents  are  extracellular  fibers 
such  as  collagen  and  elastin.  Of  these,  collagen  is  the  majoi  compo¬ 
nent  by  weight  (75%  of  the  dry  weight  of  human  skin)  and  an  important 
component  by  volume  (18%  -  30%  of  the  volume)  (Bloom  and  Fawcett,  1968). 
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Schwarz  (Schwarz,  1957)  reports  a  fibril  diameter  range  of  20nm  - 
90nm  for  the  human  adult  dermis.  Tregear  reports  a  range  of  60nm  - 
140  nm  for  the  same  tissue  (Tregear,  1966;  Braun-Falco  and  Rupee, 
1964;  Gross  and  Schmitt,  1948).  These  fibrils  become  part  of  a 
hierarchy  of  larger  fiber  units  similar  to  the  case  in  tendon.  Ac¬ 
cording  to  Tregear,  the  diameter  of  dermal  fibers  is  ly  -  20y,  and 
throughout  a  given  fiber,  the  fibril  diameters  are  "remarkedly  con¬ 
stant".  He  notes  that,  within  a  fiber,  the  space  between  fibrils  is 
less  than  or  about  equal  to  a  fibril  diameter  and  that  the  fibril 
directions  are  approximately  parallel  within  a  fiber  (Tregear,  1966) . 
Unlike  the  cornea,  the  collagen  fibers  of  skin  are  not  all  parallel, 
some  surround  hair  follicles  and  others  lie  at  various  angles  to  the 
surface.  In  general,  a  large  fraction  of  the  fibers  appear  to  lie 
parallel  to  the  surface  forming  a  feltwork  mesh. 

The  following  table  is  a  summary  of  the  approximate  sizes  of 
the  various  structural  units  of  collagen  fibers  In  several  different 
connective  tissues . 


Collagen  molecule 


Cornea 


13A  x  3000A 


Tendon 
13A  x  3000 A 


Skin 

13A  x  3000A 


Collagen  fibril  15nm  -  30nm 

diameter 

Collagen  fiber*  2y  x  200y 

cross-sectional 
dimensions 


80nm  -  160nm  50nm  -  150nm 

lQy  diameter  ly  -  20y 

diameter 


In  the  cornea  these  units  are  called  lamellae,  in  the  tendon  they  are 


generally  called  fiber  bundles,  and  in  Che  skin  they  are  generally 


called  fibers . 
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tba  — pa  rlaaa M  ripirtW  U  UU  dta^iw  war*  urrM  wt  u 
4n«nIm  «titlnr  ttciul  >m»<  >>wlc  gwarwlo  nwi  la  U#» 
laplatl  tlMM.  A  Mwry  af  tba  MttrUl  pmmW  U  cbia  ■Of  t 
Ms  km  p^UOa*  (Flat  aad  Imm,  1»U) .  tba  abalaaa  •<  omm 
far  atady  wara  kaaai  la  pan  upaa  Ut  dwrMtatUtla  •(  ir«M* 
pommy  mi  alccaataplc  nnatwti  rape  I  irlty .  Treaty  treaty  at  tba 
haiatHUl  vaaalaaptb  mi  tba  niwii  tinawU  eaaalaaptb  «aa 
Aaalrabla  la  wtar  chat  tka  claaaa  aaali  aat  ka  AaaapaA  by  Ua  Laaac 
m i  La  arAar  Hat  taaaad  la— ill  raAlatlaa  oaald  tat apt  tAa  claaaa 
mi  ba  Aat  act  at.  a  Q*arttaka4  raby  Laaac  aaa  tat  liable  fat  tbaaa 
ataAiaa,  ablch  aaaat  that  da  tcaaapacaaay  rapelraaaata  had  ta  ba 
aat  at  a  faaAaaaatal  eaaalaaptb  a(  tMaa  aaA  a  aaaaai  ba  wattle  wm- 
Laaptb  a(  M7aa.  StcaataraL  claaaa  capalarlty  aaa  aeapbc  U  arAar 
ta  lapceet  tba  aaaaai  btrtalc  oaaetralaa  efflcleacy-  Separata 
ataAiaa  reletlap  ta  tba  affect  af  arAar  la  callapaa  aaA  cellapaaaet 
tiaaaa  arc  rapartaA  la  obaptara  5  aaA  t. 

tba  aaraaa  La  bipbly  tr  aaa  par  aat  at  batb  AfAaa  aaA  lA7aa.  A 
■ajar  capita,  tba  acraaa,  appaara  ta  ba  eall-erAareA.  TaaAaa  la 
alaa  weH-erdareA  mi  la  raiatlvaly  traaaparaac  ebaa  Ary.  tba  abla, 
ablab  la  Uaa  arAaraA  mi  laaa  traaaparaac  aaa  alaa  ataAlaA  alaca 
It  la  a  aeparflcial,  callapaaaaa  tiaaaa  aaA,  la  hwcat ,  aipbt  ba 


i 

A 


•s 


I  ta  Uni  raiUtlN.  ImnHmmM  inwmIm  la  tfea  aya 
m  toy llaatto—  far  vtotoa  (V— Uaafca  at  al,  INSt  brat,  IMS) , 
brawl*  y— atari—  U  toa  *ua  aay  k*  to— rtaac  (Ft—,  IMS) . 
haMali  a— art—  k»  vtatola  U—  aawli  —alt  ta  talto 


—ay  to  toa  tola  Mtot  — ya— 4  ta  a  Mfla*  tat— tty  af  altravtalac 
—Matt—  to—  hww  aaiar  — al  ta— Itla—  (ft—  a—  Uata,  IMM) ■ 


la  — J—  al—  alto  toa—  ttaa— .  ——tiva  at— i—  «a —  tantoi 


■allay—,  f— U— ay  •tall—  —  —art —  aat  —  —It  al— a  It 
to  a— that  raUtHaati  ttoa— • 


Otoar  »— It— ay  at— 1—  —  carrlto  aat  —  halt  aai  aalla 
at— a  to— a  a—  aapaaflaial  ttia— a  wlto  — toly  swf flat— t  ariar 
ta  ylato  iatactafcto  taaaaa  i— at*  railatl— .  TM—  1— t  ttaa— 

—  a—  ily  <—  yti,  toarafara,  toa  to— a  —  a  cawii  —  to  aat— i 
ta  a  to— 1  toara  toa  ■■■■ai  to— ale  alyaai  — iai  aaa  ayat—  —toa 
to— 1.  ttoltoa  ilfftoaltl—  — aa  —  aa—  taaai  wlto  rattoal  —  toaaaa— a. 
Um—  at—  —  ta— ai.  Bay  —ttoa  w—  atoa  lav— tlyatai 
faa  tataai -toa— a  la  ya—  aat  toa .  tola  U  a  —11 -aria —4  t— ya— a t 
ttaa—  aai  la  toa  alia  af  — —a  taaait— a  to  toa  aya.  Ba  aaaaai- 
toa— ala  ya—  aatl—  a—  iat— tai  wlto  to— a  ttoa a— .  toa  iaya— rati— 
af  toa  —cl—  that  a— an  aft  at  i— th  aay  ha—  — 4— ai  tha  ariar  to 
tola  ttoa—  aai  toa— fa—  y— —a tai  awr  iat— tlay  — c— 4  Bar— ale 


4.1  Methods  and  Mttrltli 
4.U  Oemra!  mUm 

A  geMrsl  MtllM  •(  mr  nM4i  and  wtirltii  ti  priMttk  la 
•Ala  MttlM.  Patella  •(  the  capias  prm  mated  kan  in  found  la 
Sms  las  4.1k. 

A  Slack  disarm  af  cha  aaperlMatal  Mintua  la  shewn  la 
r&pira  4.1.  The  Bara i  B1Q  laaar  supplied  aa  adjustable  duration 
(SOaeee  -  IQOaaaa)  pulse  of  radiation  as  a  wavelength  of  4*4aa. 
fllaaa  bean  afllccara  aara  used  ea  astraat  a  m all  ananas  af  this 
raAlatlaa  far  seal coring  by  a  faas  Kara i  KBl  allleaa  ^hataSMa. 

Tka  photodiode  output  vaa  fad  ta  oaa  channel  of  a  50MU,  Fairchild 
777  dual -ha an  oeellleeeepe  whore  ska  laaar  pulse  width  end  pulse 
height  were  noaltored  visually  and  photographically. 

Tka  Mia  haaa  f raa  tka  laaar  was  passed  through  optical  flltara 
ta  raaava  light  fna  tka  laaar  pmplag  lanpa  ■  Tfca  haan  vaa  focused 
by  laaa  A  (paaltlva  laaa) .  The  claaua  aanplea  to  ha  Irradiated  wara 
Mwacad  aa  |laaa  micros cepe  alidaa  aa d  placad  Just  beyond  the  focal 
pa lac  of  laaa  A  where  tka  beM  dlanotor  vaa  ^  0.2ca.  la  this  way. 
a  eaatrallad  high  caacaatratlan  of  radlaat  power  vaa  achieved  at  the 
ample  wltheut  opera  clap  tka  laser  at  high  peak  power  a  chat  would  de¬ 
grade  Ita  perferoaace.  Radlaat  anlaaloa  (acattarad  light)  from  che 
ampla  waa  callaccad  la  aa  I*  half  ample  forward  cone  by  laaa  R 


(paaltlva  laaa) .  Laaa  1  than  laaged  the  ampla  at  che  eatraaca  alic 
of  a  launch  and  Lank  Modal  33-14-01  gracing  oonochroaacor.  Sy  using 


nw  differ— c  irultii,  eiM  — cbro— cor  could  km  fr—  300om  ee 
100—  ec  wloua  mk1m|U  reeelutioao.  Moor  34?—,  tha  e— cor 
— length  ol  cbo  —  ehr— cor  —i  tort  could  to  rood  eo  +  0.2— 
ooouroo y.  Theoretically,  cko  — all— c  achievable  koad  moo  of  cbo 
aoaocbroaocor  lo  approalaacely  0.2—.  Za  practice,  cbo  boad  pooo 

— O  lottos* 

A  tlooo  took  a— toloiof  o  copper  oulfoto  ooluden  woo  plocod 
bocwo—  loot  B  oad  cbo  —  oochroao cor  co  oboorb  radioed—  oc  494— 
oad  craooale  rodlodoo  bocwo—  300—  — d  400—.  Ac  appro xiaataly 
•M  guerter  ooturocod  eoac— trod—  ot  ro—  eaoMsoturo,  attenuation 
of  cbo  494—  rodlodoo  by  tbo  eoppor  oulfoca  flleor  woo  aucb  choc 
— coad-ordar  opoccro  oad  o— etorod  light  ot  494—  wore  bolow  dococc- 
oblo  lowolo.  (CuS04  fllcoro  bro  a— Clooad  by  Fronk—  oad  fiord  (1943)). 

Tbo  ACA  1F2I  (3-3  r— pooo o)  photoauldpllor  output  woo  dloployod 
—  cbo  oocood  choanal  of  tbo  dual  bo—  oodlloocopo  vfooro  puloo 
wldcba  oad  puloo  holgbco  woro  — altorod  visually  — d  photographically. 
A  correction  for  cbo  olightly  ooollaoor  photoauldpllor  rooponoo  woo 

— od. 

Bo— loo  woro  Irradiated  while  freoh  or,  lo  eho  cooo  of  turbid 
ee— loo,  after  drylag  la  a  vacuua  dooolcator. 

to— lo  oalooloa  opocera  woro  obtained  by  firing  the  laaer 
ooworal  ti— o  ot  a  given  laser  puloo  height  — d  puloo  duration  for 
each  aonochro— tor  wavelength  sotting.  The  avorago  pulse  height 
oad  ot— dard  deviation  woro  then  plotted  vorsua  wavelength. 


A  totalled  description  of  the  experimental  net bode  la  (lvea 


below. 

4.1b  Detail*  of  eetbode  aad  eaterlala 

The  ruby  laser  was  a  eeomercial  (Korad  Corporation)  Q- switched 
oscillator  using  a  Pecbola  cell  shutter.  The  shutter  systsei  wee 
specially  designed  by  the  eaaufacturer  te  permit  selection  of  laser 
pulse  durations  between  20  aad  100  nanoseconds  (nsec),  la  practice, 
pulses  froa  (Onset  to  lOOnaec  were  used.  Sufficiently  fast  rise- 
tine  oscilloscopes  with  sufficiently  bright  traces  were  not  avail¬ 
able  for  pulses  shorter  than  (Onaec.  The  pulse  duration  was 
seloctad  by  a  circuit  that  delayed  the  shutter  opening  with  respect 
te  the  beginning  of  the  flash- leap  current  pulse.  Progressively 
longer  pulses  at  lower  amplitude  were  obtained  by  Increasing  the 
delay  beyond  the  tine  of  the  aaxiaua  value  of  the  population  in¬ 
version.  The  laser  energy  was  selected  by  charging  the  flash-leap 
capacitor  to  a  given  voltage. 

The  laser  pulse  duration  (at  the  half  peak  power  points)  showed 
no  detectable  variation  from  shot  to  shot  for  a  given  shutter  delay 
selection.  The  laser  pulse  height  showed  so  ms  deviation  froa  the 
mean  of  (X  at  a  given  flash-lsnp  capacitor  setting.  The  laser  pulse 
height  could  be  reset  to  within  an  estimated  peak  error  range  of 
♦  20Z  once  the  flash-lanp  capacitor  voltage  dial  setting  had  been 
changed. 

Laser  energies  above  0.1  Joule  were  asasured  with  a  Korad  KJ-3 


liquid  color  la«  tar.  A  aora  sensitive  TIB  kali  la  tic  chermeplle  was 
seed  far  pul as  aaarglaa  of  the  order  of  0.1  Jeula  or  lass.  !ka 
alow  rlaa-tlM  output  af  thass  devices  was  preamplifled  by  a  Bewlect- 
Paekard  Hodel  *19 A  DC  microvoltaeter  with  JOOeV  aara  suproesioa, 
sad  the  amplified  signal  was  displayed  on  a  Speedomax  B  chart  re¬ 
tarder.  Canraetlans  for  thermal  drift  and  datactor  coaling  rata 
katwaan  pulsas  wars  nada  on  tba  chart  payer.  Zero  aupraaaian  was 
aaadad  to  rasat  tha  chart  to  saro  whan  a  temperature  build-up  occurred 
in  tha  thamopila. 

Only  an  astiaaca  could  be  nada  of  tha  baan  dlanatar  at  tha 
sample  position.  This  astiaaca  was  basad  on  gaoaatrical  optica  and 
tha  assuaption  that  laser  action  occurred  uniformly  over  the  entire 
laser  rod  cross-section.  This  is  a  good  assumption  when  using  the 
spiral  flasilamp  pumping  system  of  the  K-1Q  oscillator  well  above 
laser  threshold.  This  assumption  is  questionabla  at  near-threshold 
output  anergies,  where  an  lntenae  lasing  filament  covering  only  the 
inner  one-fourth  of  tha  rod  dlsmstar  of tan  may  axiat.  The  laser 
was  operated  considerably  above  the  threshold  In  these  studies. 

Bxpased  Polaroid  film  was  placed  at  tha  sample  position  and  the 
diameter  of  the  burned  or  ablstad  emulsion  was  measured  as  an  approxi¬ 
mate  check  of  the  calculated  beam  diameter.  Tha  disMter  of  the 
ablated  tone  was  in  close  agreement  with  tha  calculated  target  beam 
diameter,  basad  on  the  assumption  of  uniform  laser  action  over  tha 


red  face. 
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The  copper  sulfate  solution  wu  held  1b  •  teak  no do  from 
ordinary  window  glut  wlch  *  1.75  inch  light  path  through  cho  liquid. 
Tbo  copper  ouifaeo  eoneoacroclon  wm  laeroBood  until  no  second-order 
laoor  ipMtna  or  oeottorod  light  was  do  toe  tod  by  tho  photo¬ 
multiplier  whoa  tho  aoaochroaator  woo  scanned  froa  300aa  to 
approulaately  650ne  with  no  sample  la  ploeo. 

When  aaaploa  woro  la  ploeo  aad  pulaoa  wore  obaorvod  with  tho 
aoaoehr<MMtor  aot  noor  347nm,  ehocka  woro  employed  to  bo  aura  that 
M4m  radiation  woa  aot,  for  aoaa  uaforaoon  rooaoa,  bo  lag  datoetod 
by  cho  photomultiplier.  Tho  ehoek  that  woa  eoaalataatly  oaployod 
woa  to  eovar  tho  aonoehroaator  ontraneo  allt  with  a  Corning  C32-58 
(rod  paaa,  UV  blocking)  filter  and  ropoot  tho  laaor  firing  with 
nothing  olao  changed .  If  tho  pulae  waa  again  proaoat,  than  laaor 
radiation  at  694no  woa  poaalbly  reaching  tho  photonultiplior  on  both 
triala.  Zf  thla  occurred,  tho  coppor  aulfato  concentration  waa  in- 
eroaaad.  Iniaaloa  apoctro  wore  obtainad  once  It  woa  certain  that  tho 
obaorvod  pulae  oa  tho  photonultiplior  choanal  woa  not  duo  to  694nm 
radiation. 

Tho  flaah-laap  capacitor  voltago  aottlng  waa  hold  constant 
while  obtaining  tissue  emission  apoctro.  A  group  of  10  wavelength 
aottlaga  between  344an  aad  350nn  we a  ehoaon  for  obaorvatlon.  The 
laser  waa  first  fired  once  at  each  setting  in  thla  group.  The  laser 
woa  than  fired  several  no re  tines  at  aottlaga  where  the  signal  was 
high.  The  wavelength  setting  was  changed  between  each  of  these 


observations.  Tha  settings  ware  chosen  in  a  different  order  for 
each  run  through  the  group  of  high  signal  settings  so  that  slow 
changes  in  tha  tissue  would  affect  tha  data  evenly.  One  observation 
was  generally  aade  at  each  wavelength  setting  in  the  low  intensity 
wings  of  the  spectra.  Tha  average  and  standard  deviation  of  the 
anlsslon  pulse  heights  was  then  plotted  versus  wavelength  setting. 

A  vernier  was  added  to  the  wavelength  scale  of  the  monochromator 
to  assist  in  determining  the  wavelength  at  which  the  peak  of  the 
emission  line  occurred.  Tha  unit  together  with  the  vernier  was 
eallbratad  for  wavelength  using  a  low  pressure  mercury  discharge 
lamp.  The  mercury  lines  at  365.10nm  and  334.14  nm  (Am.  Inst.  Physics 
Handbook,  1937)  were  used  for  this  purpose.  Repeated  approaches 
from  alternate  sides  of  the  calibration  line  maxima  gave  average 
values  of  362. 9nm  and  332. 9nm  on  the  wavelength  dial  of  the  mono¬ 
chromator  with  a  standard  deviation  of  0.2nm  in  both  cases.  It  was 
assumed  that  the  wavelength  dial  systematic  error  was  a  linear  function 
of  the  wavelength  dial  setting.  The  slope  of  the  resulting  error 
correction  line  was  small.  For  four  significant  figure  wavelength 
data, it  was  sufficient  to  use  a  constant  correction  of  +1.6nm  for 
settings  between  343am  and  34Snm.  This  rsglon  is  whara  most  of  the 
sample  emission  spectra  were  obtained. 

The  bandpass  of  the  Bausch  and  Lomb  monochromator  with  narrowest 
useful  slits  was  astlmated  to  be  0.2nm.  A  narrower  bandpass  would 
have  been  helpful  in  examining  the  emission  line-width  near  347nm 


(see  Section  4.3c). 


The  normalized  response  of  the  monochromator  with  the  1P28 
photomultiplier  is  shown  in  Figure  4.2a.  This  was  obtained  at 
various  wavelengths  by  placing  the  monochromator  in  and  out  of  a 
spectrophotometer  beam  that  had  been  brought  out  into  the  room  to 
illuminate  the  photomultiplier.  The  spectrophotometric  transmission 
of  the  copper  sulfate  filter  is  shown  in  Figure  4.2b.  The  curve 
shown  in  Figure  4.2c  is  the  product  of  the  measured  transmission 
spectra  of  lens  B  and  lens  C  (Fig.  4.1).  Figure  4. 2d  is  the  product 
of  the  curves  in  Figures  4.2a,  b  and  c  which  has  been  renormalized 
to  unity  at  400nm.  The  overall  relative  system  response  (Fig.  4. 2d) 
is  highest  in  the  visible.  The  response  is  low  at  347nm.  The 

Q 

response  at  694nm  is  about  10  times  lower  than  the  response  at  347nm 
(extrapolate  curve  4. 2d).  This  provided  sufficient  rejection  of 
laser  radiation  that  might  reach  the  detector  when  the  monochromator 
was  set  to  347nm. 

The  discontinuity  in  the  curves  of  Figures  4.2a  and  4.2c  was 
produced  by  the  change  of  gratings  that  was  required  to  span  the 
wavelength  range  indicated.  The  light  source  used  to  determine  the 
monochromator-photomultiplier  response  was  too  weak  to  obtain  reliable 
data  for  X  <  340nm.  (A  different  spectrophotometer  with  a  higher 
Intensity  lamp  was  used  to  obtain  the  CuSO^  transmission.)  The  dotted 
line  in  Figure  4.2a  is  an  extrapolation. 


Our  spectrophotometric  measurements  showed  that  only  14%  of  the 


radiation  at  347nm  was  transmitted  by  the  combination  of  lenses  B 
and  C.  Approximately  30Z  of  the  attenuation  by  these  lenses  was 
due  to  reflection  at  the  curved  lens  surfaces.  Quartz  lenses  were 
not  available.  With  quartz,  the  transmission  of  these  lenses  would 
have  been  improved  by  a  factor  of  about  5. 

Tissue  samples  were  mounted  on  glass  microscope  slides  and 
irradiated  while  fresh  as  well  as  after  air  or  vacuum  drying  at  room 
teatperature.  Sample  transmission  was  monitored  at  694nm  and  347nm 
with  a  Beckman  Model  B  single-beam  spectrophotometer  while  the 
samples  were  fresh  and  after  drying.  Ten  corneas,  ten  tendons,  five 
skin  samples,  and  four  scleras  were  investigated  for  second-harmonic 
generation. 

An  interfering  signal  (termed  pick-up  in  this  report) ,  con¬ 
sisting  of  a  damped  oscillation  at  about  10MHz,  was  observed  on  both 
oscilloscope  traces.  Analysis  of  the  Pockels  cell  pulsing  circuit 
indicated  that  the  Pockels  cell  crystal  may  have  acted  as  a  source 
of  electromagnetic  radiation  near  lOMEz.  The  crystal  was  RC  coupled 
to  a  20  foot  RG8-U  (50  ohm)  coaxial  cable.  The  other  end  of  the 
cable  vas  connected  to  a  chyratron  switch  through  a  nominal  50  ohm 
series  resistor.  The  Pockels  cell  was  "opened”  by  discharging  the 
line  through  the  thyratron.  Assume  that  the  crystal  end  of  the  co¬ 
axial  cable  is  open.  If  is  exactly  equal  to  the  characteristic 
impedance  of  the  cable,  Zg,  then  the  cable  voltage  at  the  crystal 
end  should  fall  from  the  initial  voltage,  Vo>  to  zero  after  one  cable 


transit  time  (30ns«c) .  If  <  ZQ,  chan  tha  cab la  voltage  will  ba 
a  damped  square  wave  oscillation  with  a  period  equal  to  4  cable 
transit  times  (120nsec) .  If  >  Zq,  then  the  cable  voltage  will 
decay  in  a  "staircase"  manner  where  the  steps  are  4  cable  transit 
times  long.  In  the  case  where  <  ZQ,  the  (open)  Pockels  cell 
crystal  end  of  the  cable  would  radiate  a  damped  signal  ac  a  funda¬ 
mental  frequency  of  l/120nsec  or  8.3MHz.  This  corresponds  very 
closely  to  the  ^  10MHz  damped  oscillation  picked  up  by  our  detection 
equipment.  Shielding  che  Pockels  cell  housing  with  aluminum  foil 
reduced  che  10MHz  pick-up  significantly.  Moving  the  detection  equip¬ 
ment  away  from  the  Pockels  cell  and  shortening  the  detector  leads 
also  reduced  the  pick-up.  Evan  after  these  measures  were  taken,  the 
pick-up  current  amplitude  at  the  oscilloscope  was  approximately  0.2ma. 
The  photomultiplier  output  current  had  to  be  on  the  order  of  2aa  to 
achieve  about  a  10:1  signal  to  noise  ratio.  Ac  these  high  currents 
the  photomultiplier  power  response  was  nonlinear.  Had  we  adjusted 
che  series  resistor  ac  the  chyratron  there  may  have  been  a  reduction 
in  the  amplitude  of  the  cable  oscillation.  This  might  have  allowed 
us  to  use  the  photomultiplier  in  a  lower  current  range  where  it  was 
possibly  linear. 

The  1P28  photomultiplier  was  calibrated  for  linearity  as  a 
function  of  input  peak  power  at  694nm.  The  previously  mentioned 
calorimeters  were  used  in  the  manufacturer's  suggested  linear  range 
to  show  that  the  KD-1  photodiode  wac  linear  at  694na.  The  photo¬ 
diode  and  1P28  photomultiplier  were  then  compared  ac  694nm.  It  was 


found  Chat,  in  the  *tng«  of  output  puls*  heights  used  la  this*  studies 
(0  ,mA  -  5mA),  th*  1P28  photomultiplier  peak  output  voltag*  was  pro- 
portloaal  to  (P|)®'®^  whsrs  P^  Is  tha  ralatlva  radiant  Input  paak 
pswer  (Pigs.  4.4a  and  4.4b).  This  relationship  was  assumed  to  also 
bold  for  radiant  Inputs  at  347nat  and  was  usad  as  a  systematic  arror 
correction  of  the  observed  photomultiplier  output. 

Tho  ability  of  tha  system  to  show  second-harmonic  emission  spectra 
woo  checked  by  obtaining  Isolated  emission  marina  at  347nm  from  KDP 
(potassium  dihydrogen  phosphate)  powders  and  aspartic  add  powders  that 
have  boon  reported  to  yield  second-harmonic  radiation  (Reickhoff  and 
Petlcolas,  1963).  No  emission  was  observed  at  347nm  from  glycine 
crystalline  powders.  Glydna  crystallizes  in  a  centrosymmetrlc  form 
and  has  been  shown  to  yield  very  low  second-harmonic  radiation  levels 
(lalckboff  and  Petlcolas.  1965). 

4.2  Insults 

4.2a  Peak  emission  wavelength 

Emission  spectra  for  cornea,  sclera,  skin,  and  tendon  were  ob¬ 
tained  polnt-by-polnt  in  the  vicinity  of  347nm  using  a  variety  of 
monochromator  slit  widths.  A  number  of  these  spectra  are  shown  in 
Figures  4.5  through  4.12.  The  data  in  these  figures  has  been  cor¬ 
rected  for  tha  photomultiplier  nonlinear  responslvlty.  The  system 
response  as  a  function  of  wavelength  was  considered  constant  over  the 
bandwidth  of  the  Input  signal. 

All  of  these  spectra  show  an  emission  peak  near  347nm  which  is  the 


approximate  sacond-harmonic  wavelength  of  eha  ruby  laser.  The  low 
resolution,  wide  range  spectrum  in  Figure  4.5  also  shows  a  small  peak 
at  694nm  which  is  a  residual  signal  that  passed  through  the  CuSO^ 
filter  from  the  laser  itself.  The  small  peak  at  694om  corresponds  to 
radiation  that,  at  the  laser,  is  ^  10*®  times  more  Intense  than  the 
radiation  at  347nm  from  the  tissue.  There  are  no  evident  peaks  be¬ 
tween  347na  and  694na  despita  the  fact  that  over  a  good  portion  of  this 
range  the  system  response  was  high  (Fig.  4. 2d). 

In  the  case  of  opaque  tissues  (tendon,  sclera,  and  skin),  the 
collected  sample  emission  at  347nm  was  small  but  detectable  while  the 
samples  were  fresh.  When  these  samples  were  dried  in  air  or  vacuum, 
spectrophotometric  transmission  at  347nm  and  694nm  Improved  markedly, 
as  measured  with  the  Beckman  Model  B  unit.  For  these  dried  tissues, 
sample  emission  at  347nm  became  easily  measurable.  Corneal  samples 
remained  quite  transparent  whether  fresh  or  dry.  Mo  marked  change 
in  corneal  emission  intensity  occurred  after  drying. 

Emission  at  347nm  vanished  when  (a)  the  sample  was  removed, 

(b)  the  glass  microscope  slide  sample  mount  was  irradiated  alone, 

(c)  when  a  CS2-58  red  pass,  ultraviolet  blocking  filter  was  placed 
over  the  monochromator  entrance  slit. 

A  free-hand  smooth  curve  was  drawn  through  the  emission  data 
for  each  tissue  and  the  peak  of  the  curve  was  estimated.  The  wave¬ 
lengths  corresponding  to  the  peaks  of  these  smooth  curves  are  shown 
in  Table  4.1.  The  average  of  the  entries  in  this  table  is  ,\  ■  347. lnm 


with  a  4*vUtiM  of  0.2an.  Wo  will  abaw  la  Sectlea  4.*  that 

this  value  of  T  li  with  la  oaa  it— dard  deviation  of  tha  —pa  read 
P 

peak  for  tocoad  haraaalc  generation. 


Tlaaua 

1,  (an) 

Dog  coraaa  (fraah) 

347.1 

babble  coraaa  (fraah) 

344.7 

babbit  akin  (whole,  dry) 

347.4 

babble  akin  (without 
auparflcial  layara,  dry) 

347.1 

Dog  cornaa  (dry) 

347.1 

babbie  tandon  (dry) 

347.3 

Dog  cornaa  (dry) 

344.1 

Average  (X  ) 

P 

347. Ian 

Standard  deviation  (a  ) 

P 

0.2na 

Tha  cancroid  of  cba  dlotrlbutloa  of  ipectral  data  points  waa 
docoralnod.  Tha  vavoloagcta  value  of  cha  cancroid,  Xfi,  waa  obtained 


«tan  U  Dm  nUtlvt  pMk  ^  U  cJm  uneaten ifll  eat ting 

(m  the  1  4au  paiat.  Hm  nmIu  of  Unm  mmnU  auMiMiti 

tn  shown  la  Table  4.2.  Um  rwr^i  a(  thm  aacrlas  la  T  •  347. Inn 
with  a  standard  deviation  af  O.Ua. 

Ika  iiranac  between  T  an d  I  li  aa  indication  thee  cha  spectral 

P  * 

cam*  are  tpaurle  abut  chair  peak. 


aium. 

s lm> 

•ap  cetaaa  (freah) 

347.1 

labhlc  cornea  (freah) 

347.1 

Babble  skin  (whole) 

347.3 

Babbit  akin  (wlchauc 
euparflciai  layers ,  dry) 

347.3 

Dot  cornea  (dry) 

347.1 

Babbie  caedan  (dry) 

347.3 

Oat  cornea  (dry) 

347.0 

Average  (T.) 

347. 2ae 

Standard  devlaclea  (9.) 

c 

O.lae 

4.2b  Square- law  dependence 

Tee  eeaauranenca  were  perforaed  co  Investigate  cha  functional 
dependence  of  cha  radlaac  lntenelcy  f roe  the  eeeple  at  347na  upon 


the  lapuc  intensity  co  cha  eeeple  ac  694ae.  The  flrec 


lureeeac 


lmlvad  fitting  a  nirtMiM  11m  to  •  log-log  plot  of  peak  power 
oc  347—  versus  peak  power  at  194m.  Tho  second  oooour— nt  Involved 
—altering  cho  ohopo  of  tho  radiant  pul so  ot  347m  os  o  function  of 
tlM. 

till  to— OOP  —a— to  worn  —do  of  tho  relative  pook  povtr 
7j  Mocking  tho  phots— Itipller  boot  347m  oad  tho  mlatlve  looor 
pook  power  ?'L  Mocking  o  rabbit  com—  sooplo  aaar  494—  (Fig.  4.1). 
Iko  moults  of  tho—  oooour  Monts  ore  show  on  o  plot  of  log  P£  versus 
log  P£  la  Figure  4.13.  Za  this  plot,  tho  individual  values  of  P£  ore 
corrected  for  the  nonlinearity  of  the  photoaultlpller  (Methods  sad 
— terlals ,  and  Fig.  4.4b).  Coch  data  point  represents  a  single  laser 
shot. 

k  regression  line  was  obtained  for  the  data  in  Figure  4.13 
(Farratt ,  1941) .  The  average  percentage  deviation  of  the  data  points 
froo  the  regression  line  was  computed  froa: 


The  value  of  c  is  20Z.  The  slope  of  the  regression  line  is  2.0  over 
the  range  of  data  shown.  This  slope  is  in  agree— nt  with  experimental 
results  on  second-homo nic  generation  that  have  been  reviewed  by 
Farshan  (Pershan,  1944) . 

Xf  the  instantaneous  relative  power  F^Ct)  near  347m  and  the 
instantaneous  relative  power  P^(c)  near  494m  are  related  by  a 
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sgwar*-law,  F^c)  "  A  (F^(e))*p  then  th*  pula*  *c  347m  should  b* 
temporally  narrower  Chao  eh*  puls*  ae  694m  (except  la  eh*  special 
css*  of  roc c angular  pula**) .  Oacllloscop*  —  saw*— ae*  of  eh*  347m 
pula*  wldch  ranged  from  43Z  eo  73Z  of  eh*  wldeh  of  eh*  associated 
laoor  pulaos  ae  494m.  (Dm  pula*  full-wldeh  ae  half-maximum,  rum, 
ms  usod  for  ehos*  comparisons . )  Th*  uncertainty  la  eh*  p*r-c*nt 
dlff*r*ac*  between  eh*  494m  and  347m  pula*  width*  was  a  result  of 
dlfflculelM  la  roadlag  eh*  elm  seal*  on  eh*  o*clllo*cop«  photo¬ 
graphs  .  A  pair  of  pula**  la  shown  la  Figure  4.14  for  which  a 
rabbit  cornea  was  usod.  Thor*  is  son*  asymmetry  la  eh*  347m  puls* 
that  la  probably  ralatad  eo  eh*  photomultiplier  syatm.  Th*  asyamtry 
was  not  pr*s*nt  whan  nor*  officiant  OP  powders  war*  monitored  wleh 
th*  loss  sensitive  0-1  photodiod*.  Th*  asyamtry  was  again  present 
whan  thas*  powders  w*r*  aoai cored  with  th*  photomultiplier.  Puls* 
narrowing  was  still  obs«rv*d  when  th*  347m  and  694m  pula**  war* 
f*d  to  Interchanged  oacllloscop*  channels . 

It  will  b«  shown  la  Section  4.3b  Chat  pula*  narrowing  by  30Z 
is  con* is cant  with  second-harmonic  generation. 

4.2c  bandwidth  of  mission  at  347m 

Th*  bandwidth  of  eh*  347m  mission  froa  th*  tissues  shown  in 
Figures  3.3  -  3.12  was  monitored  as  eh*  nonochronaeor  slies  war* 
progressively  narrowed.  Th*  results  of  th«s*  measurements  ar*  shown 
couaactod  by  lin*  A  in  Figure  4.15  (data  enclosed  by  cirel**). 

For  comparison,  two  ocher  curves  (B  and  C)  are  also  shown  In 
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Figure  4.13.  Curve  B  (straight  line)  show*  the  theoretical  mono- 
ehroucor  band  pass  for  parfaecly  aligned  slice  and  gracing  according 
co  che  manufacturer's  specifications.  Curve  C  shows  Che  measured 
bandwidth  of  a  Hg-Cd  Os ran  lamp  spectral  line  near  350nm  as  a  function 
of  Che  entrance  slic  width  (data  enclosed  by  triangles) .  According 
to  the  manufacturer,  che  actual  bandwidth  of  the  Hg-Cd  line  is  ^  0.19nm. 

Curves  A  and  C  diverge  from  the  theoretical  bandpass  curve,  B, 
for  slic  widths  less  chan  *v>  2am.  These  results  will  be  discussed 
in  Section  4.3c. 

4. 2d  Ancillary  results  eoncerlng  sample  damage 

When  the  laser  peak  power  at  che  tissue  sample  (cornea,  sclera, 

2 

skin,  tendon)  was  raised  above  ^  20MW/cn  there  was  a  sudden  Increase 

in  the  measured  radiant  emission  from  the  sample  at  both  visible  and 

ultraviolet  wavelengths.  Accompanying  this  increase  were  these 

changes:  the  observed  sample  emission  covered  a  band  from  ^  300nm 

to  ^  700nm  rather  chan  a  narrow  band  of  less  chan  lnm  near  347nm; 

the  temporal  peak  of  the  sample  emission  pulse  occurred  near  the  end 

of  the  laser  pulse  rather  chan  coinciding  with  the  peak  of  the  laser 

pulse;  either  an  audible  "crack”  accompanied  the  laser  pulse  or  the 

sample  was  visibly  damaged  or  both  of  these  effects  occurred.  A  new 

mechanism  of  radiant  emission,  related  to  sample  damage,  was  ap- 

2 

parently  present  at  laser  powers  above  20KW/ cm  .  While  second- 
hermonlc  generation  may  have  still  occurred  at  these  higher  laser 
powers,  it  could  not  be  clearly  identified,  due  to  the  high  intensity 


of  the  broad-band  emission. 


I 
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Bm  broad  bond  amission  apparently  covered  the  entire  eenaiclve 
raage  of  our  short  wavelength  (ultraviolet)  monitoring  aye tern  which 
was  fron  300na  (glass  and  photomultiplier  cue-off)  to  4 00 not  (gracing 
cut-off).  Repeatability  was  poor;  however. the  radiant  enisalon 
levels  appeared  to  be  about  the  saoM  at  each  wavelength  over  this 
raage.  The  broad  band  emission  was  not  systematically  monitored 
with  the  second  gracing  chat  spanned  the  range  from  400nm  to  800nm. 
However,  spot  checks  showed  chat  the  broad  band  emission  extended 
well  into  the  visible  range.  A  spectral  emission  peak  at  347nm  could 
not  be  discerned. 

Figure  4.16  is  a  sketch  of  the  laser  pulse  (curve  A)  and  two 
types  of  broad  band  emission  pulses  (curves  B  end  C)  that  were  drawn 
from  oscilloscope  photographs  and  transferred  to  the  same  time  scale. 
The  peaks  of  the  three  pulses  have  been  normalized  to  be  equal. 

Curves  B  and  C  were  obtained  with  a  450nm  long  wavelength  cutoff 
filter  replacing  the  monochromator  (Fig.  4.1).  A  rabbit  cornea  was 
used  for  curve  B  and  a  rabbit  lens  was  used  for  curve  C. 

Several  temporal  features  of  broad  band  emission  pulses  are 
illustrated  by  these  curves.  First,  the  temporal  peak  of  the  broad 
band  emission  pulses  occurred  after  the  peak  of  the  laser  pulse. 
Second,  when  measured  at  half -maxi mum,  the  broad-band  emission 
pulses  were  temporally  narrower  than  the  laser  pulse.  Third,  in 
soma  cases  a  long,  delayed  decay  of  the  broad-band  emission  pulse 
extended  beyond  the  laser  pulse  duration  (curve  C) .  This  decay  "tail” 


was  ooe  always  vlslbla  os  oscilloscope  photographs  (curvs  B,  Fig.  4.16). 
This  was  dua  to  cha  fact  chat  cha  paak  of  cha  pulsa  was  usually  at 
Isaac  10  class  hlghsr  than  tha  tall.  Xf  Cha  paak  could  ba  saon,  tha 
tall  was  generally  balow  tha  Isaac  count  of  tha  oscllloscopo  seals. 

Whan  ths  oscllloscopo  gsla  was  lncrsasad ,  cha  tall  usually  bseaas 
dlacernabla  but  ths  paak  was  off  seals.  Tha  rabbit  Ians  was  an  ax- 
cap  cion  (curve  C,  Fig.  4.16).  For  this  (saslly  damaged)  natorlal, 
both  the  paak  and  ths  tall  of  cha  broad  band  omission  pulses  wsra 
observable.  Definitive,  narrow  band  radiation  at  347m  was  never 
observed  fro*  cha  rabbit  lens. 

4.3  Discussion 

4.3a  Peak  sals s Ion  wavelength 

We  have  estimated  cha  peak  anlsslon  wavelength  of  tha  ultraviolet 

radiation  from  tissue  to  be  X  •  347.1m  with  a  standard  deviation 

a  * 

of  0.2m.  To  detaralna  whether  this  ssclaate  agrees  with  the  peak 
second-harmonic  wavelength  for  ruby  laser  excitation  we  must  first 
establish  the  peak  emission  wavelength  of  our  ruby  laser.  From  this 
we  will  derive  the  expected  second-harmonic  peak  wavelength  In  air. 

The  peak  emission  wavelength  for  a  single  ruby  laser  pulse  is 
a  function  of  the  laser  rod  temperature,  T,  that  exists  just  before 
firing  the  laser.  Abella  and  Cummins  (Abella  and  Cummins,  1961)  have 
shown  that  the  mean  paak  emission  wavelength  for  long  pulse  (1msec 
pulse  duration)  ruby  lasers  increases  by  0.0065nm  for  each  centigrada 


degree  increment  in  initial  rod  temperature  ovor  Cho  rang*  25*C  Co 
80*C.  A  linear  extrapolation  of  Chair  daca  co  20*C  yields  eh*  fol¬ 
lowing  aquation  for  paak  laser  wavelength  as  a  function  of  temperature 
near  20*C: 

Xjtf)  -  694.325  +  0.0065  (T  -  20)  (1) 

In  Equation  (1) ,  X^(T)  is  cha  peak  laser  emission  wavelength  in  nm 
and  T  is  the  initial  rod  temperature  in  centigrade  degrees.  W*  will 
assume  the  validity  of  this  equation  for  Q-swltch*d  lasers  as  well 
as  long  pulse  lasers. 

The  peak  emission  wavelength  for  ultraviolet  emission  from 
tissue  was  obtained  from  a  series  of  laser  pulses.  Therefore,  the 
stability  of  cha  peak  laser  emission  wavelength  from  pulse  to  pulse 
is  an  important  factor  in  determining  the  second-harmonic  peak 
emission  wavelength.  This  stability  is  a  function  of  the  difference 
in  initial  laser  rod  temperature  from  on*  puls*  co  the  next. 

The  peak  emission  wavelength  can  steadily  increase  from  shot-co¬ 
shot  if  the  laser  rod  is  not  given  sufficient  time  to  cool  between 
flash-lamp  pulses.  The  K1Q  oscillator  system  was  equipped  with  a 
circulating  water  cooling  system  to  provide  cooling  of  the  rod  be¬ 
tween  pulses.  Under  actual  operating  conditions,  300  seconds  were 
allowed  between  laser  firings.  This  can  be  shown  to  have  been  suf¬ 
ficient  time  to  allow  the  rod  to  cool  to  the  temperature  of  the 
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circulating  water  (21*C)  within  the  Unit a  of  tba  taaperature  regu¬ 
lator  (+  1*C  by  nanuf acturar ' a  apacificatioea)  (Appendix  A). 

Tha  only  taaparaturo  affact  on  the  peak  laaar  aaiaeioa  wave¬ 
length  la  probably  that  due  to  taaparaturo  fluctuation*  In  tha 
cooling  ayataa  which  era  laaa  than  +  1*C.  Therefore,  we  can  apedfy 
X^T)  froa  Equation  <1)  at  T  -  21*C  ±  1*C  a* 

X1  -  694.331  +  0.0065** 

We  need  only  five  algnifleant  figure*  for  the  value  of  X^  la  order 
to  calculate  the  aecond-haraonlc  wavelength,  X2>  to  one  aora  algnlfl- 
cant  figure  than  waa  obtained  exparlaantally .  lod  taaperatura 
fluctuation'-,  of  +  1*C  do  not  produce  any  uncertainty  in  the  value  of 
X^  to  five  algnifleant  flgurea. 

In  finding  tha  aecond-haraonlc  wavelength  Xj  correa ponding  to 
the  above  value  of  X^,  the  effect*  of  the  diaper* ion  of  air  between 
694na  and  347na  ahould  be  conaidered.  The  fundaaental  frequency 
and  the  aecond-haraonlc  frequency  are  related  by: 


Thia  expreaaion  can  be  rewritten  in  term*  of  the  (aeaaurable)  funda¬ 
aental  wavelength  In  air,  X^f  and  the  aecond-haraonlc  wavelength  in 


air,  X2j|  aa  follow*: 


w 
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|  C  _  2C 

n2a  X2a  nla  Xla 

where  C  is  the  speed  of  llghc  In  vacuum  and  n^,  n^ 

Indices  of  dry  air  ac  ST?  ae  and  \»2  respectively, 
above  equation  for  X2a  yields 

X2.  n2,  2 

For  the  ruby  laser  and  its  second-harmonic  the  ratio 
0.9999£  (Handbook  of  Chemistry  and  Physics,  1965a). 
la  very  small  and  does  not  affect  the  value  of  X2  in 
to  five  significant  figures. 

From  the  above  considerations ,  we  conclude  that 
laser  wavelength,  X^,  should  be  written  as: 

\  X^  •  694.33na 

and  that  the  second-harmonic  wavelength,  X2>  is  given  by  X^/2  or: 

X2  -  347.16nm 


are  the  refractive 
Solving  the 


(2) 

"u  hu  U 

This  correction 
air  when  written 

our  peak  ruby 


This  is  our  theoretical  estimate  of  the  second-harmonic  wavelength 
of  the  K1Q  ruby  laser.  This  value  is  in  dose  agreement  with  our 
experimentally  observed  peak  emission  wavelength  from  tissue  of 

X_  •  347.1  with  a  standard  deviation  of  0.2nm. 

P 


W«  have  shown  chac  Ch«  p«sk  wavelength  of  the  isolscsd  ultra¬ 
violet  sals  si  on  lino  fro*  t  lssus  is  in  doss  agreement  with  the 
calculated  peak  second-harmonic  wavelength  of  the  K1Q  ruby  laser, 
this  Is  taken  to  be  evidence  that  optical  second-harmonic  generation 
in  tissue  Is  responsible  for  the  observed  ultraviolet  amission. 

4.3b  Square-lev  relationship 

Zn  Section  4.2b,  the  equation: 

log  P^  -  A  ♦  2.0  log  FJ  (3) 

where  P^  Is  the  relative  peak  power  near  347nm  and  P^  is  the  relative 
laser  peak  power  at  694nm,vas  shown  to  fit  the  experimental  data 
(Fig.  4.13).  By  differentiating  Equation  (3),  It  can  be  seen  that 
a  fractional  variation  In  the  laser  peak  power  AP^/P^  should  produce 
a  fractional  variation  in  the  347na  peak  power  equal  to  2AP^/F^. 

If  P^  and  Pj  are  random  variables  in  Equation  (3) ,  then  the  per-cent 
standard  deviations  in  these  quantities  are  related  by 
(Meyer,  1943).  This  last  equation  is  not  consistent  with  our  ex¬ 
perimental  data.  Zn  studies  on  cornea,  sclera,  tendon  and  skin  it 
was  determined  that  0 £  -  35X  when  ■  102.  Similar  results  have 
been  cited  by  Pershan  la  reviewing  experimental  studies  of  optical 
second-harmonic  generation  la  aon-biologlcal  media  (Pershan,  1946). 
Pershan  has  concluded  that  "on  the  average",  a  square- law  relation 
is  observed  between  and  ?£,  but  there  are  considerable  fluctuations 
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from  the  avarag*  behavior.  As  an  example,  Queuing  and  Bloaabargan 
(Queuing  and  Bloaabargan,  1964)  bava  observed  *  *0*  whan  a*  waa 
approximately  4Z. 

Queuing  and  Bloaabargan  (Queuing  and  Bloaabargan,  1964)  hava 
explained  ebasa  inconsistencies  by  including  eba  af facta  of  raadoa 
pbaaa  fluctuationa  in  eba  laaar  fiald  whan  eoaputing  eba  sacood- 
baraonlc  incanaicy.  It  ahould  ba  no tad  that  thay  rafar  to  lha  *\m- 
frequencias  aa  wall  aa  tha  second- harmonic  frequencies  within  tha 
347na  lina  aa  "sacood-haraonic"  frcq-onciea  (wa  hava  alao  adopt ad 
thia  viawpoint).  According  to  thair  analyaia,  larga  fluctuationa 
in  tha  aacond-haraonic  paak  powar  art  dua  to  fluctuationa  in  tha 
intanaity  of  eba  sub- frequency  radiation  within  thia  lina.  A  givan 
sua-fraquency  aoda,  ,  can  ba  fad  by  a  n unbar  of  paira  of  laaar 
aodaa  that,  dua  to  eba  laad  than  parfact  coharanca  of  tha  laaar,  vary 
randomly  in  ralativa  phaaa  during  a  laaar  pulaa.  A  givan  noda  pair 
nay  intarfara  conatructivaly  at  ona  timo  and  daatructivaly  at  anothar 
tlaa.  Thia  will  cauaa  a  larga  variation  in  tha  intanaity  of  cartain 
aiai-fraquancy  aodaa  avan  chough  tha  individual  asplitudaa  of  thaaa 
aodaa  aay  ba  eonatant.  In  our  experiments,  tha  aacond-haraonic 
pulaa  haighta  (paak  powara)  vara  coaparad  fro*  pulaa  to  pulaa  undar 
conditions  whara  tha  laaar  pulaa  haight  waa  approximately  tha  saaa 
fro*  pula*  to  puls*  (10Z) .  Tha  ralativaly  larga  fluctuations  in 
aacond-haraonic  puls*  haight  chat  w*  obsarvad  (352)  say  hava  baan 
caused  by  tha  randoa  interference  of  cartain  sum-frequency  modes 
near  the  time  of  Ch*  pulaa  paak.  According  to  Queuing  and  Bloaabargan ' s 
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nodal  these  large  second-harmonic  power  fluctuation*  would  not  be 
observed  with  e  monochromatic  laser  but  probably  should  be  observed 
with  the  system  used  in  our  studies. 

From  the  above  discussion,  it  is  apparent  that  with  our  methods 
it  would  be  difficult  to  obtain  a  least-squares  empirical  equation 
of  the  form  of  Equation  (3)  with  a  low  standard  deviation  in 
the  slope.  The  fact  that  our  regression  line  slope  of  2.0  (Fig.  4.13) 
agrees  wicn  the  slope  of  2  that  is  associated  with  second-harmonic 
generation  (Pershan,  1966)  is  evidence  in  support  of  second-harmonic 
generation  as  the  mechanism  responsible  for  emission  at  347nm  from 
the  tissues  investigated. 

Evidence  for  a  square- law  relation  between  P^Ct)  and  Pj^(t) 
was  also  obtained  by  comparing  the  laser  pulse  width  and  the  347nm 
amission  pulse  width.  Both  pulses  appeared  to  be  nearly  Gaussian 
functions  on  the  oscilloscope  photographs.  Let: 

P'(t)  -  ?*  exp  [-t2/T2]  (4) 

If  P£(t)  -  A  (P^(t))2,  then: 

P^(t)  -  A  (?p2  exp  [-2t2/T^J  (5) 

Froa  Equations  (4)  and  (3)  it  can  be  seen  chat  the  width  at  any  per¬ 
cent  of  aaximua  of  the  P£  Gaussian  pulse  is  1/^2  or  71Z  of  the  width 


of  the  pulse  ac  Che  same  per-cent  of  maximum.  Our  experimental 
measuremencs  were  carried  ouc  ac  5QZ  maximum  where  lc  was  shown 
chac  Che  P^  pulse  was  65Z  Co  75Z  of  che  width  of  the  P^  pulse  (Fig. 
4.14).  Ic  was  esciaacad  chac  che  P^  pulse  wldch  could  be  read  co 
about  5Z  accuracy  and  che  pulse  wldch  could  be  read  to  about  7Z 
accuracy.  Our  experimental  pulse  wldch  measuremencs  are  within  che 
expected  experimental  error  of  che  theoretical  pulse  width  estimates 
which  are  based  on  a  square-law  relationship  and  Gaussian  pulses. 

4.3c  Bandwidth  of  emission  at  347nm 

Using  che  smallest  practical  entrance  slit  width  (O.lSnm  entrance 
slit),  our  monochromator  yielded  a  bandwidth  measurement  of  0.8nm 
for  Hg-Cd  lamp  lines  near  350tua  (Curve  C,  Fig.  4.15).  Under  ideal 
conditions  of  perfect  slit  and  gracing  alignment,  as  well  as  optimum 
focusing  the  monochromator  band  pass  should  be  0.2nm  with  an  0.1mm 
entrance  slit  (Curve  B,  Fig.  4.15).  Therefore,  under  ideal  conditions, 
with  a  monochromatic  band  pass  of  0.2nm,  our  unit  should  have  yielded 
a  measurement  of  approximately  0.4nm  for  the  Hg-Cd  lines,  since  the 
actual  bandwidth  of  these  lines  is  'v*  0.2nm.  The  divergence  of  curve  C 
from  curve  B  indicates  a  systematic  error  of  alignment  or  focusing 
in  the  monochromator.  There  was  no  provision  by  the  manufacturer  co 
correct  such  errors. 

Curve  C  does  not  necessarily  represent  the  smallest  bandwidths 
that  can  be  practically  obtained  at  each  slit  width.  A  source  with 
less  chan  ^  0.2nm  actual  spectral  bandwidth  may  produce  a  measured 
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bandwidth  curve  below  curve  C.  However,  such  a  curve  should  still 
lie  above  curve  S. 

The  measured  bandwidth  curve  for  347na  emission  from  cornea, 
sclera,  tendon  and  skin  (curve  A)  lies  below  curve  C  and  above  curve  B. 
Since  curve  C  was  generated  by  measurements  on  ^  0.2nm  bandwidth 
radiation  near  347nm,  curve  A  is  associated  with  emission  with  a 
bandwidth  that  is  less  than  0.2na. 

The  expected  bandwidth  of  second-harmonic  emission  is  SO  times 
smaller  than  the  useful  resolution  of  our  monochromator  when  per¬ 
fectly  aligned.  The  expected  bandwidth  for  sacond-harmonic  pulses 
is  determined  by  the  bandwidth  of  the  laser  pulse.  The  manufacturer 
of  the  K1Q  laser  system  has  specified  a  wavelength  bandwidth  of 
AA^  *  O.Olnm  for  the  laser  pulse.  The  wavelength  bandwidth  of  the 
second-harmonic  pulse,  should  be  smaller  than  AA^  This  can  be 

shown  as  follows.  The  second-harmonic  pulse  is  compressed  in  time 
by  a  factor  b  relative  to  the  laser  pulse.  The  frequency  bandwidth 
of  the  second-harmonic  pulse,  Au^,  is  therefore  b  times  greater  than 
the  frequency  bandwidth  of  the  laser  pulse,  Au^. 

6/^2  *  bAw^ 

When  Che  wavelength  bandwidth  AA  is  much  smaller  than  Che  peak  wave¬ 
length  A  we  can  use  the  following  difference  approximations  that  are 
obtained  from  the  equation  oj  ■  2  c/A: 


Combining  Equation*  (6)  and  (7) : 


^2  “  “T  ^1  (8) 

A1 

Va  have  shown  previously  that  A^  -  y  is  an  excellent  approximation 
bacauaa  of  cha  low  dispersion  of  air.  Equation  (8)  can  tharafora  ba 
written  as: 


If  b  <  4,  than  AA^  <  AA^.  For  Gaussian  pulses  wa  showed  that  b  ■  /T. 
For  these  pulses,  therefore,  AA2  "0.35  AA^ ,  or  AA2  -  0.0035nm  which 
could  not  be  resolved  by  our  instrumentation. 

If  the  second-harmonic  spectrum  is  obtained  by  reading  emission 
at  a  single  wavelength  for  each  laser  pulse  and  then  plotting  the 
data  for  a  number  of  laser  pulses,  then  temperature  differences  in 
the  laser  rod  from  pulse  to  pulse  could  broaden  the  second-harmonic 
spectrum.  This  broadening  was  calculated  as  negligible  in  our  system. 
The  laser  rod  temperature  fluctuations  were  approximately  +  1°C  which 
could  cause  a  shift  of  +  0.0065nm  in  the  laser  peak  emission  wavelength. 
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This  saall  shift  is  such  saallar  than  our  systM  resolution. 

4.3d  Sample  damage  and  broad  band  Mission 

It  has  baan  shown  that  pulses  of  seco  -  harmonic  radiation  were 
taK{»orally  narrower  than  the  laser  pulse.  However,  another  fora  of 
radiant  emission  was  also  found  to  yield  a  teapora  'y  arrowed  pulse. 
This  emission  was  found  to  accompany  sample  damage  and  was  also 
found  to  cover  a  much  broader  wavelength  range  than  second-harmonic 
radiation.  The  broad  band  emission  pulse  peak  occurred  near  the  end 
of  the  laser  pulse  whereas  the  second-harmonic  pulse  peek  coincided 
with  the  temporal  peak  of  the  laser  pulse.  The  relative  placMent 
of  these  pulse  peaks  was  not  always  easy  to  determine,  therefore  a 
wavelength  scan  with  the  monochromator  was  considered  to  be  a  neces¬ 
sary  step  in  order  to  distinguish  between  these  two  kinds  of  emission. 

With  physical  and  biological  targets,  obvious  sample  damage  is 
often  accompanied  by  the  creation  of  a  highly  luminous  "plume"  that 
expands  away  from  the  Irradiated  surface,  while  the  surface  Itself 
may  or  may  not  be  luminous  (Fine  st  al,  1963;  Ready,  1971).  The 
composition  of  these  plumes  is  variable  and  depends  on  the  surface 
and  the  laser  peak  power  level.  Within  its  luminous  volume,  the 
plume  mey  contain  ablated  macroscopic  material  particles;  the  vapor 
phase  of  the  sample  constituents;  ionised  atoms  and  molecules;  and, 
with  Q-swltched  lasers,  the  plume  can  become  a  plasma  (Ready,  1971). 
Radiation  from  laser  plumes  has  been  observed  with  emission  extending 
from  the  UV  into  the  visible  spectrum  (Ready,  1971).  Therefore,  our 


observation  of  broadband  radiation  in  tha  ultraviolet  and  visible 
range  aay  have  bean  due  to  tha  creation  of  a  luminous  plums  from  the 
damaged  sample. 

Tha  temporal  behavior  of  plums  amission  has  bean  investigated 
photographically  by  Ready  (Ready,  1971).  In  his  studies,  a  45nsec 
pulse  Q-svitched  ruby  laser  was  used  to  irradiate  a  carbon  target  in 
air  while  the  interaction  was  photographed  at  various  times  after  the 
start  of  the  laser  pulse.  A  bright  plume  rapidly  appeared  somewhat 
after  the  peak  of  the  laser  pulse.  The  volume  of  the  luminous  plume 
reached  a  maximum  well  after  the  end  of  the  laser  pulse,  then  the 
luminosity  and  the  volume  decreased  slowly  until  the  plume  had  es¬ 
sentially  vanished  nearly  lusac  after  the  beginning  of  the  laser  pulse. 

The  rapid  rise  in  intensity  of  broad  band  radiation  that  we  have 
observed  aftar  the  peak  of  tha  laser  pulse  (Fig.  4. 1C)  is  in  agree¬ 
ment  with  emission  from  a  luminous  plume  according  to  Ready's  results. 
Ve  do  not  have  an  explanation  for  the  initial  rapid  decay  in  broad 
band  intensity  that  occurs  near  tha  end  of  the  laser  pulse.  The 
rapid  expansion  of  lasar  plumes  could,  however,  be  a  factor  in  our 
measurements  that  yields  this  decay.  That  is  to  say,  Q-swltched 
laser  plumes  have  been  reported  to  show  a  strongly  anisotropic  ex¬ 
pansion  away  from  tha  target  surface  (Ready,  1971).  The  expansion 
velocity  of  the  luminous  front  Increases  by  an  order  of  magnitude 
in  the  period  of  time  between  the  peak  and  before  the  end  of  the 
laser  pulse.  This  acceleration  is  sharply  curtailed  at  the  end  of 


the  laser  puls*  (Ready,  1963).  Z2  chls  occurred  ia  our  studios,  th«n 
aueh  of  eh*  luminous  plus*  volume  could  hsv*  sxpsadsd  beyond  tbs 
range  of  optimum  focusing  by  Isas  A  (Tig.  4.1)  sad,  eh*r*for*,  rapidly 
lowered  the  collected  broad  bead  intensity  while  the  plus*  itself 
aey  have  been  actually  increasing  ia  iateaslty.  After  the  laser 
pulse,  the  pluae  does  not  grow  rapidly,  sad  resales  relatively 
stationary  in  space  (Ready,  1971).  This  could  then  lead  to  the  "decay 
tail”  ia  broad  band  iateaslty  that  we  have  observed. 

The  broad  bead  emission  that  w*  have  observed  from  damaged 
tissue  samples  may  therefore  have  been  produced  by  e  luminous  plume 
that  has  been  found  to  generally  accompany  Q-swltchad  laser  induced 
damage  of  physical  and  biological  materials.  In  our  studies,  this 
emission  pulse  accompanying  sample  damage  was  temporally  narrowed 
relative  to  the  laser  pulse  for  reasons  given  above.  However,  in 
contrast  with  second-harmonic  generation  pulses,  this  pulse  occurred 
at  the  end  of  the  laser  pulse  and  exhibited  a  "tall".  This  temporal 
delay  for  broad  band  emission  would  be  expected  because  of  the  time 
necessary  for  plum*  generation. 

4.4  Summary  and  conclusions 

Fresh  and  dried  dog  and  rabbit  cornea,  dried  rabbit  Achilles 
tendon,  dried  rabbit  skin,  and  dried  rabbit  skin  with  the  superficial 
layers  removed  were  irradiated  by  a  Q-switched  ruby  laser  at  694nra. 
Emission  spectra  were  obtained  for  these  collagenous  tissues  over 
the  range  300nm  -  700na.  When  the  samples  were  not  visibly  damaged 


by  the  lmr,  an  isolated,  narrow  anission  lina  was  found  naar  347nm. 

Analysis  of  tha  spactral  curvas  showad  that  tha  paak  anission 
wavalangth  for  thasa  tissuas  was  347. Inn  with  a  standard  daviatlon 
of  0.2nn.  Tha  paak  amission  wavalangth  expected  for  second-harmonic 
ganaration  is  347.16nm. 

Tha  ralativa  paak  povar  at  347na  was  shown  to  incraasa  as 
2  0 

(?P  *  whara  P|  is  tha  ralativa  peak  power  at  694nm.  This  square- 
law  is  expected  for  sacond-harnonic  generation.  The  347nm  temporal 
pulse  width  was  25Z  to  35Z  less  chan  tha  694nm  laser  pulse  width. 

Both  the  laser  and  second-harmonic  pulses  appeared  to  be  roughly 
Gaussian  functions.  With  a  Gaussian  laser  pulse,  a  second-harmonic 
pulse  should  be  Gaussian  and  29Z  narrower  than  the  laser  pulse  due 
to  the  square-law  relation. 

The  emission  bandwidth  at  347nm  could  not  be  resolved  by  our 
instrumentation.  We  have  shown  the  emission  bandwidth  to  be  less 
than  0.2nm.  The  expected  emission  bandwidth  for  second-harmonic 
generation  is  about  2  orders  of  magnitude  smaller  than  0.2nm.  Higher 
resolution  equipment  is  needed  for  wavelength  bandwidth  measurements 
of  the  observed  emission. 

Our  measurements  of  peak  emission  wavelength,  peak  power  de¬ 
pendence,  and  temporal  pulse  width  are  in  agreement  with  optical 
second-harmonic  generation  being  the  mechanism  for  the  observed 
emission  near  347nm. 

In  addition  to  the  collagenous  (connective)  tissues,  muscle, 
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hair,  nails,  and  aalanosomas  vara  Irradiated.  Second -harmonic 
generation  was  found  in  muscle  in  a  preliminary  study  but  not  in 
Cha  other  tissues.  Thus,  collagenous  tissue  and  possibly  muscle 
possess  the  requisite  material  characteristics  for  optical  second- 
harmonic  generation.  The  collagen  component  of  connective  tissue 
may  be  the  principal  site  for  the  observed  harmonic  generation. 


APPENDIX  A 


U« 


Approximately  400cal  were  disslpeted  la  the  lutr  flash  laap 
at  aach  firing.  If  all  this  energy  it  assumed  to  appear  aa  heat  in 
the  laser  rod  then,  with  no  heat  conduction  during  the  flash  laap 
pulse,  the  temperature  rise  in  the  rod  is  given  by 

T  -  Q/p  VC  (Al) 

In  Equation  (Al) ,  Q  -  400cal,  p  -  3.98gm/cm  (Adolf  Heller  Company, 
Synthetic  Sapphire  Properties),  V  -  7.85cm^  (the  voltne  of  a  lea 
diameter  10cm  long  rod),  C  -  0.18cal/gm*C  (Abella  and  Cummins,  1961). 
With  these  values  T  •  70*C.  After  300sec,  with  cooling  only  occurring 
through  the  sides  and  with  the  rod  surface  temperature  held  at  the 
cooling  water  temperature  of  21*C,  the  spatial  average  temperature  of 
the  rod  is  given  by  (Carslaw  and  Jaeger,  1959): 

•  1  -KanC 

TCC)  -  21  +  (280)  l  \  e  °  (A2) 

n-1  a 

n 

In  Equation  (A2) ,  the  aQ  ere  positive  roots  of  JQ(aQa)  *  0.,  a  is 

2 

the  rod  radius,  K  is  the  thermal  dlffusivity  of  the  rod  (0.125ca  /sec 
(Adolf  Meller  Company,  Synthetic  Sapphire  Properties));  and  t  ■  300sec. 
Only  the  first  term  of  Equetion  (A2)  is  significant.  In  this  case 
a  ■  4.8cm”*-  end 

a 
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TCC)  -  21  ♦  12e‘#68 


(A3) 


Equation  (A3)  shows  that  it  can  ba  assumed  that  thar*  ara  no  cumu¬ 
lative  heating  affects  in  the  rod  due  to  repeated  flash  lamp  firings. 


Fig.  4.1 


Overall  schematic  of  experimental  apparatus. 


DUAL  BEAM  OSCILLOSCOPE 


Normalized  response  of  monochromator  and  photomultiplier 


Fig.  4.2b 

Transmission  of  copper  sulfate  filter 

Fig.  4.2c 

Combined  transmission  of  lens  B  and  lens  C. 
These  lenses  are  shown  In  Fig.  4.1. 


Fig.  4. 2d 


Product  of  curves  4.2a,  b  and  c. 
Renormalized  to  unity  at  400nm. 
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Fig.  4.4a 

Peak  currenc  frota  1P28  photomultiplier 
versus  peak  currenc  from  KDl  photodiode. 
Straight  line  was  fitted  by  eye. 


PHOTOMULTIPLIER  CURRENT-AMP. 


Fig.  4.4b 

Curve  A  is  a  reproduction  of  the  curve  shown  in 
Fig.  4.4a  but  with  linear  coordinates.  Curve  B 
is  a  straight  line  drawn  through  the  origin  and 
approximately  tangent  to  curve  A  near  the  origin. 
Curve  B  is  an  approximation  to  the  response  of  an 
ideal  linear  photomultiplier  with  the  same  low 
current  sensitivity  as  the  1P28. 


PHOTOMULTIPLIER  PEAK  CURRENT-milliamp. 


PHOTODIODE 

PEAK 

CURRENT- amp. 


Fig.  4.5 


Lov  resolution  spectrum  showing  347nm  emission 
from  dried  dog  cornea.  Despite  the  high  relative 
response  of  the  system  between  400  and  500run,  no 
emission  is  observed  in  this  region.  A  small 
signal  is  seen  at  694nm  which  is  the  highly  at¬ 
tenuated  residual  response  to  the  laser  pulse. 

The  emission  intensity  at  347nm  is  actually 
'u  10”*®  that  at  694nm.  Monochromator  entrance 
slit  width  *  15mm.  Each  data  point  represents 
one  reading.  The  solid  line  was  drawn  free-hand 
through  the  data  points. 
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rig.  4.6 


Fresh  dog  cornea  emission  spectrum. 

Isa  entrance  slit  width. 

X  •  347. lnm 

P 

X  -  347. lnm 
c 

FWHM  •  1.9nm 

For  Figs.  4.6  -  4.12  data  points  with  error 
bars  represent  the  average  and  standard  devi¬ 
ation  of  pulse  heights  obtained  at  a  given 
monochromator  wavelength  setting.  Data  points 
without  error  bars  represent  a  single  reading 
of  pulse  height. 
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FRESH  DOG  CORNEA 


Fig.  4.7 

Fresh  rabble  corn**  •mission  spsetrua 

In  entrance  slit  width 

X  -  346. 7nm 
P 

A  «  347. lna 
c 

FWHM  «  1.  7nn 


FRESH  RABBIT  CORNEA 


1 


Fig.  4.8 


Dried  abdominal  skin  from  albino  rabble 

1mm  entrance  slit  width 

A  •  347. 4nm 
P 

Ac  «  347. 3nm 
FWHM  •  1.4nm 
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Fig.  4.9 

Dried  abdominal  skin  from  albino  rabble.  In 

this  case  the  superficial  skin  layers  were 

removed  leaving  the  fatty  sub-epiderraal  tissue 

to  be  irradiated. 

lmm  entrance  slit  width 

A  “  347. lnm 
P 

A  •  347. 3no 
c 

FWHM  -  2. 2rua 


Fig.  4.10 

Dried  dog  cornea 

0.5ma  entrance  slit  width 

X  “  347. lnm 
P 

X  - 

c 

FWHM  ■  1.4nm 


346  348 

WAVELENGTH-nm 

DRIED  CORNEA 
(DOG) 
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Fig.  4.11 


Dried  rabble  Achilles  tendon 

0.5mm  entrance  slit  width 

Xp  -  347. 3nm 

\  -  347. 3n® 
c 

FWHM  ■  1 . 5nm 


is  the  relative  peak  power  emitted  by 
rabbit  cornea  at  3A7na.  Pj  is  the  relative 
laser  peak  power  at  694na.  Straight  line 
is  a  least  squares  fit.  Slope  of  line  is 
2.0. 


RELATIVE  PEAK  POWER  AT  347 nm 
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Laser  puls*  sc  694ms  sad  sample  amission  puls* 
from  rsbbic  corn**  sc  347nm.  Puls**  hsv*  b*«n 
aorm*liz*d  co  equal  smplicud*.  Th*r*  is  no 
dlscarnsbl*  daisy  b*cva«n  puls*  pasics.  Ih* 
347na  puls*  full  vldch  sc  half  maxiaua  (FVHM) 
Is  3SZ  lass  chsa  ch«  lss«r  puls*  TVXi. 


Curve  A  is  Che  FWHM  of  the  emission  spectra 
in  Pigs.  4.4  through  4.12  versus  monochromator 
entrance  sliC  width.  Curve  3  is  the  menu-* 
facturer's  theoretical  bandwidth  of  the  mono¬ 
chromator  versus  entrance  slit  width.  Curve 
C  la  the  FWHM  of  a  Cd  line  near  347nm  as 
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Fig.  4.16 


Curve  A  is  the  laser  pulsa  varsus  time.  Curve 
B  is  a  broad  band  amission  pulsa  observed  with 
low  oscilloscope  gain  (no  call  visible) .  Curve 
C  is  a  broad  band  amission  pulse  from  a  damaged 
rabble  Ians.  Curve  C  shows  a  tail.  All  three 
curves  wars  normalized  to  the  same  amplitude 
for  this  figure.  Curves  3  and  C  were  obtained 
with  the  monochromator  sec  to  347na.  The  de¬ 
layed  peak  of  curves  3  and  C  indicates  that 
these  pulses  were  not  due  to  second-harmonic 
generation. 


Broad -band 
emission 


0.5  pse c 
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CHAPTER  5 

SECOND-HARMONIC  GENERATION  FROM  COLLAGEN 

In  chapter  4,  second-harmonic  generation  was  reported  in  cornea, 
sclera,  tendon  and  skin.  The  major  solid  component  of  these  tissues 
is  collagen.  It  is  therefore  possible  chat  the  principle  site  for 
second-harmonic  generation  in  these  tissues  was  collagen.  The  pur¬ 
pose  of  the  experiments  reported  in  the  present  chapter  is  to  deter¬ 
mine  whether  second-harmonic  generation  can  be  observed  in  collagen 
fibers. 

5.1  Methods  and  materials 

A  commercial  preparation  of  collagen  fibers  from  bovine  Achilles 
tendon  was  obtained  for  these  studies  (Sigma  Chemical  Company  number 
C9879).  These  collagen  fibers  were  prepared  for  Sigma  Chemical  by 
the  method  of  Einbinder  and  Schubert  (Einbinder  and  Schubert,  1951). 
Einbinder  and  Schubert  describe  their  technique  as  one  in  which 
mucopolysaccharides  are  removed  and  purified  undegraded  collagen 
is  obtained.  In  their  method,  fresh  bovine  Achilles  tendon  is 
manually  freed  of  non-collagenous  tissue,  cut  into  small  pieces  and 
placed  in  3  per  cent  Na2HP0^  for  three  days  at  0®C.  The  residue  is 
then  washed  with  water  and  dehydrated  with  absolute  alcohol.  The 
alcohol  is  then  allowed  to  evaporate  in  air.  (We  assume  that  some 
water  re-enters  the  preparation  during  handling;  although  the  stiff¬ 
ness  of  the  fibers  compared  to  the  flexibility  of  fresh  tissue 
collagen  suggests  that  this  was  minimal  (Elden,  1968)). 
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Sigma  collagen  fibers  were  packed  loosely  in  a  9mm  x  6mm  x  1mm 
rectangular  cross-section  chamber  made  from  microscope  slides  and 
then  covered  with  a  glass  cover  slip.  The  remaining  volume  of  the 
chamber  was  filled  with  anise  oil  to  reduce  light  scattering. 

Before  irradiation,  the  optical  transmission  of  the  chamber  was 
measured  at  347nm  and  694nm  (Beckman  Model  B  spectrophotometer)  while 
containing  collagen  alone,  anise  oil  alone,  and  collagen-anise  oil 
mixtures . 

The  chamber  was  irradiated  using  the  same  experimental  set-up 
as  shown  in  Figure  4.1.  In  these  studies,  the  monochromator  entrance 
slit  was  opened  wide  to  3.5mm  in  order  to  collect  as  much  of  the 
weak  second-harmonic  radiation  as  possible.  Collagen  alone,  anise 
oil  alone,  and  collagen-anise  oil  mixtures  were  irradiated. 

The  chamber  was  examined  before  and  after  irradiation  with  a 
polarizing  microscope. 

5.2  Results 

5 .2a  Sample  transmission 

Initially  the  collagen  was  a  white  opaque  stiff  mat  of  fibers. 

It  retained  this  appearance  when  the  clear,  colorless  anise  oil  was 
first  added.  It  was  easy  to  observe  the  clarification  of  the  collagen- 
anise  oil  mixture  in  the  sample  cell  with  time.  During  the  first  15 
minutes  most  areas  of  the  collagen  fiber  mac  became  less  opaque; 
however,  the  outline  of  the  fibers  remained  evident.  After  approxi¬ 
mately  45  minutes,  the  sample  appeared  to  be  only  slightly  more 
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transparent  than  it  was  after  15  minutes.  The  polarizing  microscope 
was  used  during  the  first  45  minutes  to  determine  the  presence  of 
very  thin  collagen  fibers  in  the  chamber  in  certain  places  where  no 
material  was  visible  to  the  unaided  eye;  the  number  and  size  of  the 
collagen  fibers  appeared  to  be  unchanged. 

The  progressive  clarification  of  collagen-anise  oil  samples  was 
also  followed  spectrohpotometrically  at  347nm  and  694nm.  The  results 
are  summarized  in  the  following  table. 

Wavelength  Transmission 


No  oil 

30  minutes  after  adding  oil 

694nm 

0.0% 

80% 

347nm 

0.0% 

3.5% 

Transmission  measurements  were  also  made  for  anise  oil  alone.  Most 
of  the  above  attenuation  at  347nm  after  30  minutes  was  due  to  the 
anise  oil  itself  (The  glass  slide  attenuation  was  negligible) . 

5 .2b  Sample  emission 

No  second-harmonic  emission  was  observed  from  the  Sigma  collagen 
fibers  without  the  anise  oil  on  ruby  laser  irradiation  at  694nm. 

These  samples  were  easily  damaged,  and  "plume1'  emission  signals  were 
often  observed  (see  chapter  4  for  a  description  of  plume  emission) . 

No  emission  was  detected  from  anise  oil  alone  in  the  sample  chamber 
over  the  wavelength  range  320nm  -  400nm. 
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The  sample  emission  spectrum  shown  in  Figure  5.1  was  obtained 
on  irradiation  20  to  30  minutes  after  the  addition  of  anise  oil  to 
the  Sigma  collagen.  There  is  an  evident  peak  at  347nm.  The  emission 
band  is  slightly  assyrnmetric.  No  other  peaks  were  observed  between 
320nm  and  400nm. 

After  45  minutes  in  anise  oil,  the  emission  pulses  at  347nm 
increased  in  amplitude  by  a  factor  of  1.7  compared  to  those  observed 
thirty  minutes  after  the  addition  of  anise  oil.  Measurements  also 
indicated  that  an  additional  increase  in  second-harmonic  emission 
pulse  amplitude  occurred  for  samples  stored  at  room  temperature  over¬ 
night  in  anise  oil.  Relative  to  corneas,  the  collected  347nm  emission 
from  Sigma  collagen  was  weaker. 

The  pulses  at  347nm  were  temporally  narrower  than  the  laser 
pulses  at  694nm.  The  relative  pulse  widths  were  like  those  shown  in 
Figure  4.14.  Verification  of  a  quadratic  relationship  between  the 
347nm  pulse  height  and  the  laser  pulse  height  was  not  performed.  The 
laser  power  could  not  be  varied  over  a  sufficiently  wide  range  for 
this  test.  We  were  limited  on  the  low  side  by  system  noise,  and 
limited  on  the  high  side  by  sample  damage.  While  the  addition  of 
anise  oil  raised  the  collagen  damage  threshold,  damage  still  occurred 
at  relatively  low  laser  input  levels. 

When  sample  damage  occurred,  the  sample  chamber  exploded  and 
plume  emission  signals  were  observed.  No  visible  signs  of  damage 
were  present  in  the  samples  when  a  347nm  emission  peak  was  observed. 
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After  removal  from  Che  chamber,  Che  collagen  fiber  mat  appeared 
Co  have  retained  ica  structure  and  stiffness.  The  fibers  were  some¬ 
what  more  translucent  chan  initially. 

5.3  Discussion 

Ua  believe  that  the  isolated  emission  peak  near  347nm  and  the 
temporally  narrowed  emission  pulses  near  347nm  indicate  chat  second- 
harmonic  generation  occurred  in  these  Sigma  collagen  samples. 

Since  no  »a«-ond-harmonic  emission  was  observed  from  anise  oil 
or  collagen  separately  but  was  observed  when  anise  oil  was  added  to 
the  collagen,  it  is  possible  that  the  oil  and  collagen  interacted  to 
form  sites  for  second-harmonic  generation  that  were  not  present  in 
collagen  or  anise  oil  alone.  While  this  is  an  interesting  possi¬ 
bility,  we  believe  chat  there  is  a  simpler  explanation  of  the  role 
of  anise  oil  in  these  experiments. 

Immersing  the  collagen  fibers  in  anise  oil  apparently  reduced 
light  scattering  at  694nm  and  347nm  (Table  1) .  This  may  have  been 
due  to  a  better  refractive  index  match  between  collagen  and  anise 
oil  compared  to  collagen  and  air.  For  example,  Maurice  gives  a  value 
of  approximately  1.5  for  the  refractive  index  of  collagen  at  an  un¬ 
specified  visible  wavelength  (Maurice,  1969).  The  refractive  index 
of  anise  oil  is  1.54  at  656nm  which  is  near  the  ruby  laser  wavelength 
(American  Institute  of  Physics  Handbook,  1957).  Reduced  694nm 
light  scattering  at  the  fiber-oil  interfaces  may  have  resulted  in 
two  effects.  First,  reduced  light  scattering  at  694nm  may  have  allowed 
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a  forward  lobe  Co  develop  In  Che  scaCCering  patcern  for  second- 
harmonic  radiadon.  This  would  have  increased  Che  fraccion  of 
collecCed  second-harmonic  radiadon  using  Che  apparaCus  in  Figure  4.1. 
Second,  che  laser  peak  power  ac  which  sample  damage  occurred  may  have 
been  raised.  By  operacing  aC  higher  fundamencal  peak  power  levels, 
che  second-harmonic  conversion  efficiency  of  Che  collagen  was  probably 
improved  and  second-harmonic  radiaCion  Chen  became  decec Cable. 

The  refraccive  index  maCch  aC  347nm  ray  have  been  poorer  chan 
ic  was  aC  694nm  due  Co  an  anise  oil  absorpCion  band  near  347nm  whereas 
chere  are  no  collagen  absorpCion  bands  in  chis  region  (Graczer  ec  al, 
1963).  Nevertheless,  Che  index  maCch  aC  347nm  was  probably  improved 
over  chaC  which  occurred  in  air.  By  reducing  lighc  scaCCering  ac 
347nm,  a  forward  lobe  in  Che  second-harmonic  emission  paccern  may 
have  been  allowed  co  form. 

The  imporCance  of  anise  oil  in  Chase  sCudies  may,  cherefore,  have 
been  Co  reduce  lighc  scaCCering  aC  694nm  and  347nm.  Higher  levels  of 
second-harmonic  radiadon  mighc  be  obcained  by  using  an  imbedding 
macerlal  wich  less  absorpCion  aC  347nm  and  wich  a  better  refractive 
index  match  ac  694nm  and  347nm  Chan  was  offered  by  anise  oil. 

The  347nm  emission  band  was  slightly  asymmetric  (Fig.  5.1). 

The  long  wavelength  data  355nm)  is  of  higher  amplitude  chan  che 
short  wavelength  data  340nm) .  The  long  wavelengCh  data  was  ob¬ 
tained  last.  The  resulting  asymmetry  may,  cherefore,  have  been 
caused  by  che  ongoing  wetting  action  of  che  anise  oil.  Data  near 
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340nm  and  355nm  was  also  of  low  anough  amplitude  to  have  been  af¬ 
fected  by  system  noise. 

Hative  collagen  in  anise  oil  has  been  shown  to  yield  weak 
second-harmonic  radiation.  Absorption  at  347nm  in  the  anise  oil 
may  have  produced  as  much  as  an  order  of  magnitude  attenuation  of 
the  second-harmonic.  When  this  factor  is  considered,  the  second- 
harmonic  generation  efficiency  of  Sigma  collagen  is  comparable  to 
that  of  the  collagenous  tissues  discussion  previously.  Native  collagen 
fibers  may  therefore  have  been  the  principal  site  for  second-harmonic 
generation  in  the  collagenous  tissues  that  we  have  investigated. 

The  preparation  of  the  Sigma  collagen  fibers  used  in  these 
studies  did  not  Involve  dissolving  the  collagen  during  preparation 
(Elnbinder  and  Schubert,  1951).  Therefore,  it  is  assumed  that  these 
fibers  retained  their  native  periodic  band  and  interband  structure. 

For  comparison,  a  quantity  of  purified  collagen  was  obtained  that 
had  been  dissolved  (extracted  chemically)  from  guinea  pig  skin  and 
then  precipitated  as  so-called  "amorphous"  fibrils.  "Amorphous" 
collagen  fibers  show  no  periodic  structure  under  the  electron  micro¬ 
scope  (Schmitt,  1956);  they  are,  however,  optically  birefringent . 
"Amorphous"  is  therefore  used  to  describe  the  electron-microscopic 
appearance  of  the  fibrils  and  does  not  refer  to  the  actual  material 
properties  of  the  fibril.  Native  and  "amorphous"  fibrils  are  dif¬ 
ferent  aggregation  patterns  of  the  same  (collagen)  molecule.  "Amorphous" 
fibrils  are  not  found  in  tissue  (Gliracher,  1959). 
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The  "amorphous"  fibers  used  in  these  studies  were  thinner  and 
less  stiff  than  the  Sigma  fibers  and  had  the  appearance  of  fine 
cotton  wool.  To  the  unaided  eye,  this  white  cotton  wool  appearance 
changed  to  that  of  a  hazy  blue  cloud  when  che  "amorphous"  fibers 
were  immersed  in  anise  oil.  In  anise  oil,  the  outline  of  the 
"amorphous"  fibers  was  indistinct,  whereas  the  outline  of  most  of 
the  Sigma  fibers  was  relatively  distinct.  The  "amorphous"  collagen 
samples  were  subjectively  more  transparent  in  anise  oil  than  were 
Sigma  collagen  samples  of  equal  weight.  Both  the  "amorphous"  and 
the  Sigma  collagen  fibers  retained  their  original  gross  structure 
when  removed  from  the  anise  oil.  Both  fiber  types  were  more  trans¬ 
lucent  after  removal  from  the  anise  oil. 

5.4  Amorphous  collagen 

No  second-harmonic  generation  was  observed  from  "amorphous" 
guinea  pig  skin  collagen  in  air  or  in  anise  oil.  Whole  dry,  guinea 
pig  skin  did  yield  narrow  band  emission  at  347nm  with  temporally 
narrowed  pulses >  which  we  believe  to  be  second-harmonic  generation. 

These  studies  indicate  that  native  collagen  fibers  are  capable 
of  second-harmonic  generation  whereas  "amorphous"  collagen  fibers 
yielded  either  much  lower  second-harmonic  radiation  levels  or  none 
at  all.  Both  the  gross  appearance  and  the  electron  microscope  ap¬ 
pearances  are  different  for  these  two  fibrous  collagen  aggregates. 
There  is  no  evident  reason  why  the  gross  property  differences  between 
the  fibers  that  we  described  should  have  produced  marked  differences 
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in  second-harmonic  generation  efficiency.  Therefore,  it  appears 
Chat  Che  aggregation  pattern  of  collagen  fibrils  nay  be  an  important 
factor  in  second-harmonic  generation. 

Aggregation  pattern  models  of  native  and  "amorphous"  collagen 
fibrils  have  been  presented  by  Schmitt  (Schmitt,  1956).  He  has  sug¬ 
gested  that  native  collagen  fibrils  are  formed  by  the  end-to-end 
and  side-by-side  aggregation  of  collagen  molecules  with  a  regular 
stagger  between  adjacent  end-to-end  chains  of  collagen  molecules  (Fig. 
5.2a).  In  Schmitt's  model,  amorphous  fibrils  differ  from  native 
fibrils  only  in  that  the  stagger  between  adjacent  chains  is  irregular 
(Fig.  5.2b).  In  both  models,  the  assymmetric  collagen  molecules  of 
a  given  fibril  are  "pointed"  in  the  same  direction. 

We  believe  that  an  alternative  model  of  amorphous  fibrils  is 
possible.  For  example,  assume,  with  Schmitt,  that  all  collagen 
molecules  are  oriented  the  same  within  a  given  end-to-end  chain.  Then, 
unlike  Schmitt,  assume  that  adjacent  end-to-end  chains  have  approxi¬ 
mately  equal  likelihood  of  being  aligned  parallel  or  antiparallel  in 
addition  to  being  irregularly  staggered  (Fig.  5.2c).  This  alternative 
amorphous  fibril  model  should  have  the  same  electron  microscopic 
appearance  as  Schmitt's  amorphous  fibril  model.  Both  fibril  models 
can  be  optically  biref ringent.  On  this  qualitative  basis,  these 
amorphous  fibril  models  are  optically  and  electron-microscopically 
indistinguishable.  However,  from  the  standpoint  of  optical  second- 
harmonic  generation,  the  amorphous  fibril  models  may  be  distinguishable. 
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la  Che  alternative  model  of  an  amorphous  fibril,  Che  irregular 
orienCaCion  of  Che  collagen  molecules  wichin  a  fibril  may  lower  Che 
measured  second-harmonic  generation  efficiency  of  the  alternative 
"amorphous"  fibril  relative  to  the  Schmitt  models  of  the  "amorphous" 
and  native  fibrils.  This  may  be  the  reason  why  no  second-harmonic 
generacion  was  observed  from  che  "amorphous"  collagen  used  in  cur 
studies.  Consideration  of  the  effect  of  orientational  irregularities 
within  a  fibril  is  given  in  Appendix  A  of  this  chapter. 

5.5  Summary  and  conclusions 

1.  On  irradiation  at  694nm  with  a  Q-switched  ruby  laser,  an  isolated 
emission  band  near  347nm  was  observed  from  purified,  undegraded 
collagen  (Sigma  Chemical  Company)  in  anise  oil.  No  347na  emission 
was  observed  from  this  collagen  or  anise  oil  alone.  Emission  pulses 
at  347nm  were  temporally  narrowed  with  respect  to  the  laser  pulse. 

We  believe  this  to  be  second-harmonic  emission  from  collagen.  It  is 
felt  that  the  role  of  anise  oil  in  these  experiments  was  to  reduce 
light  scattering  at  694nm  and  347nm. 

2.  No  isolated  347nm  emission  was  observed  from  "amorphous"  collagen 
fibers  that  were  precipitated  from  guinea  pig  skin  extracts.  These 
experiments  were  carried  out  with  and  without  anise  oil.  Second- 
harmonic  generation  was  observed  from  guinea  pig  skin  which  contains 
native,  and  not  "amorphous",  collagen  fibers.  The  lack  of  347nm  emission 
from  "amorphous"  fibrils  may  have  been  due  to  an  irregular  orientation 

of  collagen  molecules  within  these  fibrils. 
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APPENDIX  A 

In  this  appendix,  the  effect  of  molecular  orientational  irregu¬ 
larities  on  optical  second-harmonic  generation  is  discussed.  For 
this  discussion  the  coupling  between  induced  molecular  dipoles  is 
neglected. 

To  provide  simple  illustrations,  the  tensor  properties  ^>f 
molecular  dipoles  will  be  neglected  and  a  scalar  equation  will  be 
used  to  relate  the  induced  dipole  moment  u  to  the  electric  field  E. 

To  second-order  terms  this  equation  is. 

U  -  aE  +  bE2  (Al) 

A  graph  of  Equation  (Al)  is  sketched  in  Figure  5.3a. 

Since  molecules  described  by  Equation  (Al)  are  non-centrosyrmetric , 
a  direction  of  molecular  orientation  can  be  defined.  Assume,  therefore, 
that  Figure  5.3a  applies  when  a  molecule  is  aligned  with  the  positive 
E  direction  (arrowhead  in  Fig.  5.3a).  If  this  molecule  is  rotated  by 
180°,  so  as  to  be  aligned  with  the  negative  E  direction,  then  Figure 
5.3b  applies  (note  arrowhead  in  Fig.  5.3b).  In  Figure  5.3b,  the 
relationship  between  u  and  E  is: 

U  -  aE  -  bE2  (A2) 

Equations  (Al)  and  (A2)  differ  by  a  minus  sign  in  the  second-order 
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term.  If  E  oscillates  at  frequency  ui,  then  this  minus  sign  difference 
shows  that  the  phase  of  the  induced  dipole  moment  at  frequency  2-j  is 
shifted  by  77  when  the  orientation  of  the  molecule  is  reversed. 

When  two  molecules  are  oriented  in  the  sane  direction  (parallel) 
and  driven  by  mutually  in-phase  electric  fields,  then  they  will 
execute  mutually  in-phase  second-harmonic  dipole  moment  oscillations. 

If  these  molecules  are  oriented  in  opposite  directions  (anti-parallel) , 
then  their  second-harmonic  dipole  moment  oscillations  will  be  180°  out 
of  phase.  In  the  case  of  parallel  molecules,  an  observer  that  is 
equidistant  from  the  two  molecules  will  detect  constructive  inter¬ 
ference  between  the  radiated  second-harmonic  fields.  In  the  case  of 
anti-parallel  molecules  this  observer  will  detect  no  second-harmonic 
radiation. 

Consider  a  large  number  of  molecules  in  a  volume  element  whose 
dimensions  are  small  compared  to  an  optical  wavelength.  With  plane 
wave  illumination,  the  driving  field  is  then  approximately  in-phase 
for  each  molecule.  A  distant  observer  located  on  an  axis  defined  by 
the  plane  wave  direction  through  the  volume  element  will  be  approxi¬ 
mately  equidistant  from  the  various  molecules  in  the  volume  element, 
the  second-harmonic  fields  will  interfere  constructively  at  the  ob¬ 
server  location.  The  second-harmonic  intensity  at  the  observer  location 


will  be  proportional  to  the  square  of  the  number  of  radiating  molecules. 
If  there  is  an  equal  division  between  parallel  and  anti-parallel 
molecules  in  the  volume  element,  then  the  second-harmonic  fields  'will 


interfere  destructively  at  the  observer  location.  The  second-harmonic 
intensity  will  be  zero  for  this  observer. 

These  results  can  now  be  applied  to  the  cases  of  collagen 
molecules  in  native  or  amorphous  fibrillar  units.  To  a  first  approxi¬ 
mation,  the  collagen  molecule  is  a  line  of  molecular  dipole  oscillators. 
Actual  collagen  molecules  are  'u  300nn  in  length  and  oi  .4nm  in 
diameter.  The  dipole  oscillators  are  associated  with  various  amino- 
acids,  side  chains,  and  linkages  within  the  collagen  molecule.  The 
individual  dipole  oscillators  with  resonances  near  347nra  are  thought 
to  be  in  regular  positions  and  orientations  (approximately  parallel) 
along  the  molecule  (Gratzer,  1967).  In  the  Schaict  models  of  native 
fibrils  and  amorphous  fibrils  the  collagen  molecules  are  considered 
to  be  parallel.  In  the  alternative  model  of  amorphous  fibrils,  some 
of  the  collagen  molecules  are  parallel  and  others  are  anti-parallel 
as  shown  in  Figure  5.2c.  In  all  of  these  models  the  molecules  are 
assumed  to  be  closely  packed.  The  Schmitt  models  of  native  fibril  or 
amorphous  fibrils  (Figs.  5.2a  and  5.2b)  can,  therefore,  produce 
appreciable  levels  of  second-harmonic  radiation.  The  alternative 
model  of  an  amorphous  fibril  should  produce  no  second-harmonic 
radiation. 

If  there  is  not  an  equal  division  between  parallel  and  anti¬ 
parallel  molecules  in  volume  elements  of  an  amorphous  fibril,  then 
some  second-harmonic  radiation  may  occur. 


Emission  spectrum  from  Sigma  collagen  in  anise 
oil.  Peak  emission  wavelength  is  ■  347. 2nm 
which  agrees  with  the  second-harmonic  wavelength. 
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Fig.  5.2a 

Native  fibril  aggregation  pattern  (after  Schaitt) 

Fig.  5.2b 

"Amorphous"  fibril  aggregation  pattern  (after  Schaitt) 

Fig.  5.2c 

Alternative  model  of  "amorphous"  fibril 
aggregation  pattern.  The  conclusions  drawn 
in  this  chapter  regarding  this  model  will  also 
hold  for  models  of  amorphous  fibrils  in  which 
there  are  equal  numbers  of  collagen  molecules 
oriented  in  opposing  directions. 


Fig.  5.3 

Sketch  of  the  y-E  characteristic  of  a  non¬ 
linear  non-centrosynmetric  oscillator.  Figs. 
5.3a  and  5.3b  show  the  characteristic  for 
opposite  orientations  of  the  oscillator.  The 
assumed  orientation  of  the  oscillator  is 
shown  by  the  arrowheads. 


CHAPTER  6 


ANGULAR  DISTRIBUTION  OF  SECOND- HARMONIC  RADIATION 
FROM  THE  RABBIT  CORNEA 

In  chis  chapter  we  shall  compare  the  observed  angular  distri¬ 
bution  of  second-harmonic  radiation  from  rabbit  corneas  with  that 
expected  theoretically  from  crystalline  media  and  from  amorphous 
media.  Our  measurements  on  corneas  were  made  over  a  limited  angular 
range  in  the  forward  scattering  direction.  These  measurements  showed 
the  presence  of  a  narrow  lobe  of  rorward-scattered  second-harmonic 
radlacion.  This  lobe  may  have  been  slightly  broadened  by  light 
scattering  in  the  cornea.  Minck  et  al  have  reviewed  analytical  and 
experimental  results  of  second-harmonic  generation  in  crystalline  and 
amorphous  media  (Minck  et  al,  1966).  They  have  pointed  out  that  in 
amorphous  media,  second-harmonic  radiation  emerges  as  weak  scattered 
radiation  (Minck  et  al,  1966,  p.  1371)  with  a  broad  angular  distri¬ 
bution.  Ward  and  New  have  presented  a  scalar  model  for  second-hamoni 
generation  in  crystalline  media  and  have  shown  that  in  this  instance 
second-harmonic  radiation  emerges  as  a  narrow  beam  in  the  forward 
direction  (Ward  and  New,  1969).  The  measurements  that  we  have  been 
able  to  perform  show  that  second-harmonic  generation  in  the  rabbit 
cornea  resembles  coherent  3econd-harmonic  generation  in  a  crystalline 
medium  more  closely  than  it  does  incoherent  second-harmonic  generation 
in  an  amorphous  medium. 
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6.1  Methods  and  materials 

The  experimental  apparatus  for  measuring  the  angular  distri¬ 
bution  of  second-harmonic  radiation  from  corneas  is  shown  in  Fig.  6.1. 

A  cornea  was  placed  at  point  P  in  the  converging  part  of  a  focused 
ruby  laser  beam.  The  half-angle  of  convergence  of  the  beam  was  about 
2*.  At  the  other  side  of  the  laser  beam  focus  the  half-angle  of 
divergence,  3^,  was  also  2*.  These  estimates  of  convergence  and 
divergence  were  made  three  ways.  These  were:  a  geometrical  optics 
analysis  of  the  ruby  laser,  measurements  of  Polaroid  film  burn  pat¬ 
terns  produced  at  various  positions  in  the  ruby  laser  beam,  and 
measurements  of  a  He-Ne  laser  beam  that  was  used  to  simulate  the  ruby 
laser  beam  (Fig.  6.1  for  position  of  He-Ne  laser).  All  three  estimates 
were  in  close  agreement. 

Radiation  from  the  cornea  was  collected  by  lens  B  (Fig.  6.1). 

Tills  lens  subtended  a  half-angle  3^  »  3*  with  respect  to  the  sample 
at  point  P.  Thus,  3fl  >  3^. 

Masks  with  annular  apertures  concentric  with  the  laser  beam  axis 
were  sequentially  placed  against  lens  B  to  allow  monitoring  radiation 
over  different  angular  ranges  in  the  forward  direction  (Fig.  6.1). 

The  scattering  angle  range  covered  by  each  mask  is  listed  below. 

Range  of  9 

0*  -  2.1* 

2.1*  -  3.2* 

3.2*  -  4.2* 

5.3*  -  6.3* 


Mask 

1 

2 

3 

4 
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The  largest  scattering  angle  that  was  monitored  by  these  masks  was 
at  3  ■  6.3*  whereas  lens  5  subtended  a  half-angle  of  8*.  Masks  at 
larger  angles  were  not  used  so  as  to  avoid  possible  spherical 
aberration  effects  near  the  edge  of  lens  B.  Radiation  that  passed 
through  lens  B  was  monitored  by  the  same  equipment  that  was  discussed 
in  Chapter  4.  The  monochromator  was  sec  to  pass  347. 2nm  radiation 
and  the  slits  were  opened  wide.  No  laser  radiation  at  694. 3nm  was 
detected. 

Tests  were  performed  that  showed  that  the  amount  of  light  col¬ 
lected  by  each  annular  aperture  was  simply  proportional  to  the  open 
area  of  the  aperture.  A  Lambertian  source  of  diffuse  illumination 
was  simulated  at  the  sample  position.  To  do  this,  three  layers  of 
white  paper  (paper  used  for  duplicating  machines)  were  placed  over 
the  diffusing  glass  case  of  a  high  pressure  ultraviolet  lamp.  The 
spectral  range  of  the  lamp  was  from  about  300nm  to  about  500nm.  The 
paper  was  covered  in  turn  by  an  opaque  shield  with  a  2ca  hole  in  the 
center.  The  2ma  hole  was  located  at  the  sample  position  (at  point  P 
in  Fig.  6.1).  The  illuminated  hole  satisfied  the  subjective  criterion 
for  a  Lambertian  source  inasmuch  as  it  appeared  to  have  a  constant 
brightness  as  one  moved  his  eye  in  an  arc  from  0°  to  about  SO*  from 
the  normal  (Charschan,  1972,  pp.  586-587).  with  only  one  layer  of 
paper  the  hole  appeared  brighter  when  viewed  at  0®  than  it  did  at 
about  80®.  As  a  further  check,  a  smail  selenium  visible  light  detector 
with  about  a  5mm  area  was  positioned  at  0®,  then  at  30°,  and  finally 


at  SO*  to  che  normal  to  the  illuminated  hole.  The  rat-os  of  the 
decector  readings  at  these  three  positions  was  1:0.86:0.62.  For  a 
Lambertian  source  the  corresponding  ratios  should  be  1:0.87:0.64 
(Charschan,  1972,  Eq.  10-4).  The  detector  readings  were  at  most  3 7. 
lower  than  the  readings  expected  for  a  Lambertian  source.  It  was 
therefore  assumed  that  che  2mm  illuminated  hole  acted  as  a  Lambertian 
source. 

For  a  Lambertian  source,  che  power  per  unit  area  at  a  fixed 
distance  from  the  source, and  ac  an  angle  @  to  the  normal  of  the  surface 
of  the  source,  is  proportional  to  cos  9  (Charschan,  1972,  p.  586).  The 
outer  edge  of  che  largest  annular  aperture  was  at  9  »  6.3*.  At  9  -  0“ 
cos6  •  1  and  at  8  ■  6.3*,  cos0  *  0.994.  Therefore,  it  was  assumed 
that  the  power  per  unit  area  was  constant  over  the  range  of  areas 
subtended  by  the  annular  apertures.  On  this  basis,  the  photomultiplier 
response  to  illumination  from  che  test  Lambertian  source  should  be 
proportional  to  che  open  area  of  the  annular  aperture. 

The  smallest  annular  aperture  area  was  normalized  to  unity  in  the 
following  computations.  The  relative  mask,  area  and  the  relative 
response  of  the  photomultiplier  when  viewing  che  Lambertian  source 
through  the  monochromator  (set  to  350nm) ,  the  CuSO^  filter,  lens  3, 
and  che  various  annular  apertures  is  listed  below.  The  photomultiplier 
was  determined  to  be  linear  at  these  low  illumination  levels. 


Mask 


Relative  Area 


1 

2 

3 

4 

(The  relative  area  of  mask  4  was  smaller  than  the  area  of  the  annular 
aperture  due  to  a  shield  that  was  accidently  placed  too  low  behind 
lens  B.  The  shield  was  left  in  position  during  all  of  these  ex¬ 
periments).  There  is  very  close  agreement  between  the  relative 
areas  and  relative  response  of  the  photomultiplier  which  indicates 
that  the  amount  of  light  collected  by  each  aperture  and  directed  to 
the  photomultiplier  was  proportional  to  the  area  of  the  aperture. 

The  oscilloscope  pulse  height  was  corrected  for  the  photomultiplier 
nonlinearity  (Fig.  4.4).  The  corrected  oscilloscope  height,  H,  was 
proportional  to  the  second-harmonic  peak  power  passing  through  a  given 
mask.  This  height  was  divided  by  the  area  Aa  of  the  annular  opening 
of  the  mask.  The  average  and  standard  deviation  of  H/A  was  obtained 

cl 

for  five  laser  pulses  with  each  mask.  The  average  values  of  H/A^ 
were  then  normalised  to  unity  for  the  largest  value.  This  normalized 
quantity  V?a  was,  therefore,  proportional  to  the  second-harmonic  peak 
power  per  unit  area  averaged  over  the  area  of  the  aperture  and  averaged 
over  five  laser  pulses.  For  brevity,  we  shall  call  the  relative 
second-harmonic  intensity. 

The  actual  second-harmonic  power  per  unit  area  may  have  been 
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variable  from  poinc  to  point  of  a  given  aperture.  Our  measurement 
method  could  not  show  this,  whereas  a  photographic  method  could. 

Three  wide  angle  positions  were  monitored  by  rotating  lens  B 
and  the  rest  of  the  collection  and  detection  system  around  point  P 
in  Fig.  6.1.  Since  lens  B  subtended  a  half-angle  of  8s,  the  scat¬ 
tering  angle  range  -20°  <  9g  <  +33°  was  monitored  by  placing  the 
center  of  lens  B  at  -12°,  +12°,  and  then  at  +25®. 

The  room  that  was  available  for  these  studies  was  too  narrow 
to  allow  wider  angle  measurements  in  the  horizontal  plane.  It  was 
considered  far  too  time-consuming  to  construct  apparatus  that  would 
allow  vertical  plane  measurements.  Backscattering  measurements  were 
made,  however  the  detector  was  then  so  close  to  the  Pockels  cell 
Q-switch  that  pickup  from  the  Pockels  cell  became  greater  than  the 
expected  second-harmonic  pulse  height  (Chapter  4  for  discussion  of 
pickup) . 

The  corneal  samples  were  prepared  as  follows  (Fig.  6.2).  A 
fresh  rabbit  cornea  was  pressed  lightly  against  a  clean  microscope 
slide.  The  central  area  of  the  cornea  adhered  naturally  to  the  slide 
and  the  interface  between  the  slide  and  the  cornea  appeared  smooth. 
The  outer  surface  of  the  cornea  was  covered  with  a  few  drops  of’ 
aqueous  from  the  enucleated  eye.  A  glass  cover  slip  was  placed  over 
the  aqueous- wetted  surface.  3oth  corneal  surfaces  appeared  to  be 
flat  and  smooth.  The  angle  of  the  cover  slip  had  to  be  adjusted  in 
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some  cases  to  prevent  the  formation  of  a  prismatic  wedge  that  would 
deviate  the  direction  of  the  laser  beam  axis  as  it  passed  through  the 
sample.  The  He-He  beam  was  used  to  monitor  this  adjustment.  Since 
this  adjustment  could  only  be  made  at  the  beginning  of  a  run  it  is 
possible  that  the  laser  beam  axis  may  have  moved  with  respect  to  the 
center  of  the  annular  apertures  during  a  run.  This  movement  could 
have  occurred  if,  for  example,  the  cornea  dried  unevenly  during  a 
run.  In  this  case,  the  corneal  sample  could  have  become  a  prismatic 
wedge  during  drying.  This  source  of  error  could  perhaps  be  eliminated 
by  using  antireflecting  sample  cells  with  optically  plane  parallel 
sides  filled  with  a  fluid  that  matched  the  refractive  index  of  the 
cornea. 

6.2  Results 

The  relative  second-harmonic  intensity  W  is  shown  below  with 
the  corresponding  angular  range  subtended  by  the  annular  aperture  of 
the  mask. 


Mask 

Range  of  9_ 

w 

1 

• 

1 

• 

O 

0.86 

2 

2.1*  -  3.2° 

1.00 

3 

3.2®  -  4.2® 

0.77 

4 

5.3®  -  6.3* 

0.25 

The  values  of  are  averages  for  five  laser  pulses.  The  per-cent 
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standard  deviation  was  about  30%  in  each  case.  The  per-cent 
standard  deviation  in  the  laser  pulse  height  was  about  8%.  The  sunt 
of  the  powers  measured  separately  by  the  annular  apertures  was  about 
10%  lower  than  the  power  as  measured  directly  with  no  apertures  over 
lens  B.  This  agreement  indicates  that  the  annular  apertures  intro¬ 
duced  no  significant  losses. 

No  second-harmonic  pulses  were  detected  when  lens  B  was  centered 
at  9g  *  +12*,  +25",  and  -12*.  As  a  check,  dried  corneas  were  monitored 
at  these  wide  angle  positions.  No  second-harmonic  radiation  was  de¬ 
tected  until  the  surface  of  the  cornea  was  roughened  with  a  scalpel 
or  a  diffusing  glass  plate  was  placed  between  the  cornea  and  lens  B. 
These  last  measures  apparently  caused  che  second-harmonic  radiation 
from  the  cornea  to  be  scattered  at  wider  angles. 

The  results  are  summarized  in  Fig.  6.3.  A  bar  graph  is  used  to 

represent  W  as  a  function  of  3  .  This  data  is  taken  from  the  above 
a  s 

table.  For  simplicity,  the  plots  3re  made  with  3s  a  positive  number. 

The  wider  angle  data  taken  at  9g  »  +12*,  +25®  and  -12°  are  shown  by 

the  circled  points  at  6  ■  +12®  and  6  »  +25®. 

s  s 

By  drawing  a  smooth  curve  through  the  bar  graph  (Vf  (9  )  rig. 

6.3)  and  measuring  the  area  under  this  curve  from  9g  *  0°  to  another 

given  value  of  9g  we  could  estimate  the  relative  second-harmonic  power 

W_  that  was  confined  within  9  degrees  of  the  laser  beam  axis.  This 
R  S 

calculation  neglects  any  second-harmonic  radiation  that  may  h av* 
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present  outside  our  engular  range  of  measurements.  WR  was  normal lied 
to  unity  for  the  Integration  to  9  •  12*  in  Fig.  6.3.  A  graph  of  W_ 

•  ft 

versus  9#  is  shown  in  the  upper  right  of  Fig.  6.3.  Xt  can  be  seen 
froa  this  graph  that  SOX  of  the  aeasured  second-harmonic  power  was 
within  the  range  0*  <_  0#  <_  2.4*  and  that  9SZ  of  the  aeasured  aecond- 
haraonlc  power  was  within  the  range  0*  _<  0#  6*. 

According  to  geoaetrlcal  optics  calculations  and  polarold  flla 
burn  patterns,  virtually  all  of  the  laser  power  et  694. 3na  was  within 
the  range  0*  <_  0  £  2*.  As  a  second  cheek,  the  He-Me  laser  was  set 
up  as  shown  in  Fig.  6.1  eo  imitate  the  ruby  laser  beam.  The  CuSO^ 
solution  was  removed  and  the  Re-Ne  beaa  was  monitored  with  masks  1 
and  2.  A  distinct  signal  was  observed  with  mask  1,  but  the  signal 
was  at  least  tan  times  smaller  when  the  Re-Ne  beaa  was  aonitored  with 
aask  2.  Visually,  the  beaa  was  confined  within  the  angular  range  of 
assk  1.  The  ruby  laser  was  not  used  for  these  aeasuraasnts  with  the 
aask  because  of  the  possibility  of  daaaglng  the  photoaultlpller.  The 
above  burn  pattern  and  He-Ne  simulation  measurements  indicate  that 
the  ruby  laser  beaa  was  confined  within  the  approximate  range 
0  _<  0#  <_  2*  and  that  the  masks  systaa  did  not  introduce  an  artificial 
apparent  broadening  of  the  beaa  near  694. 3na.  There  is  no  apparent 
reason  why  the  aask  systsa  would  not  also  properly  resolve  the  second- 
haraonlc  scattering  pattern  at  347. 2na. 

Xt  has  been  shewn  that  93X  of  the  aeasured  second-harmonic  power 
was  within  the  range  0*  <  0#  <,  6*.  The  ruby  laser  beaa  was  confined 
to  the  renge  0*  ^  0#  ^  2*.  Therefore,  the  engular  spread  of  second- 
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harmonic  radiation  may  have  been  grutir  chan  cha  angular  spread  of 
eha  laaar  baaa. 

6.3  Dlacuaalon 

The  rasulta  of  thaaa  measurements  indicaca  chat  tha  dlvarganea 
of  cha  second-harmonic  baaa  wa a  aaall.  Howavar,  cha  dlvarganea  of 
cha  second-harmonic  baaa  vaa  graacar  chan  cha  dlvarganea  of  cha  laaar 
baaa.  For  eoharanc  aacond-haraonlc  ganaradon  in  cry  a  call  In  a  media, 
ona  would  expect  chac  cha  baaa  dlvarganea  of  cha  aacond-haraonlc  would 
ba  laaa  chan  cha  baaa  dlvarganea  of  eha  laaar  (Ward  and  Now,  1969). 

For  lncoharanc  aacond-haraonlc  ganaradon  in  aaorphoua  aadla,  ona  would 
expecc  a  vary  broad  pacearn  of  aacond-haraonlc  radiation  (Mlnck  ac  al, 
1966,  p.  1371).  Wa  shall  prasane  background  material  balow  chac  will 
enable  an  analytical  estimate  co  ba  made  of  cha  aacond-haraonlc  baaa 
divergence  from  crystalline  madia  and  amorphous  madia.  These  analytical 
estimates  will  ba  compared  with  Cha  experimental  results  that  have  bean 
given  above.  Ua  shall  chan  discuss  whether  cha  cornea  behaves  as  a 
crystalline  medium  or  an  amorphous  medium  for  aacond-haraonlc  generation. 

Ward  and  Haw  have  carried  out  experimental  studies  of  coherent 
opclcal  third-harmonic  ganaradon  by  a  focused  laser  beam  in  gases 
(Ward  and  Haw,  1969).  Although  Chair  experimental  work  was  primarily 
concerned  with  third-harmonic  generation,  they  have  presented  a  simple 
scalar  modal  for  eoharanc  ganaradon  of  cha  general  qth  harmonic  by  a 
focused  laser  beam  (Ward  and  Haw,  1969,  Sect.  III).  Their  scalar  modal 


of  «  cry* c*llin«  medium  la  tha  sum  as  chat  used  in  Chapter  2  of  chis 

thesis.  They  hava  prasantad  a  detailed  analysis  of  tha  case  where 

th*  focused  laser  beam  is  a  lowest  order  gaussian  mod*  (TEM  mode) . 

oo 

Lass  detail  is  supplied  for  more  complicated  beam  structures.  U* 
shall  give  a  brief  review  of  their  results. 

Figure  6.4  illustrates  the  characteristics  of  a  focused  TEM  mode 

oo 

(Siegman,  1971,  Chapt.  8).  Th*  intensity  profile  at  any  beam  cross 

section  is  a  gaussian  function  of  radial  position  r  from  the  beam  axis. 

-1/2 

Th*  dashed  curves  are  the  lodi  of  the  e  points  of  the  beam  profile. 
Th*  focal  region,  where  these  lodi  are  closest,  is  called  the  beam  waist. 
The  dashed  curves  approach  straight  diverging  lines  at  distances  from 
th*  beam  waist  that  are  large  compared  to  the  waist  diameter.  The 
angle  0^  in  Fig.  6.4  is  called  the  far-fleld  divergence  angle  of  th* 
beam.  Higher  order  gaussian  TEM^  modes  have  intensity  nulls  sym¬ 
metrically  placed  with  respect  to  the  beam  axis.  The  envelope  of  these 

higher  order  intensity  distributions  is,  however,  still  gaussian.  The 
-1/2 

*  points  of  the  gaussian  envelopes  are  used  to  define  the  divergence 
angle,  0^,  of  these  higher  order  modes. 

A  discussion  of  TEM _  modes  found  in  Siegman  (Siegman,  1971, 

ro 

Chapt.  8).  states  that  the  wavefronts  of  these  modes  are  spherical,  ex¬ 
cept  at  th*  beam  waist,  where  they  are  planar.  The  field  strength  is 
highest  at  th*  beam  axis  and  decays  monotonically  along  th*  wavefront 
away  from  th*  beam  axis.  In  th*  far-field,  th*  center  of  curvature 


of  Che  wavefronts  is  located  at  the  beam  waist. 

Ward  and  New  have  shown  in  their  analysis  that  a  gauss ian  TEMqo 
laser  beam  mode  generates  a  second-harmonic  beam  which  is  also  a 
gauss ian  TEMqq  mode.  Both  beams  share  the  same  waist  position.  How¬ 
ever,  the  divergence  angle  of  the  second-harmonic  beam,  smaller 

than  the  divergence  angle  of  the  laser  beam  8^  (Ward  and  New,  1969, 

p.  60).  This  last  conclusion  is  based  on  their  demonstration  that  the 

2 

confocal  beam  parameter  b  ■  2X/tt0  (Ward  and  New,  1969,  Eq.  Ill)  is 
the  same  for  both  beams.  From  this,  the  two  divergences  are  related 
by 

02  -  0.707  8X  (1) 

They  point  out,  without  detailed  analysis,  that  their  conclusions  for 
the  TEMqq  mode  are  essentially  unchanged  for  higher  order  modes  or 
mixtures  of  modes.  Presumably,  the  conclusion  regarding  @2  <  6,  also 
holds  for  higher  order  modes  and  mode  mixtures. 

We  expect  that  Che  divergence  of  Che  second-harmonic  beam 
generated  by  the  very  complicated  (generally  non-gaussian)  mode  struc¬ 
ture  of  a  ruby  laser  beam  is  also  narrower  chan  the  divergence  of  the 
laser  beam.  This  is  based  qualitatively  on  the  assumption  that  Che 
beam  intensity  profile  has  an  envelope  that  is  a  monotonically  de¬ 
creasing,  non-reccangular,  function  of  radial  position  r  with  respect 


to  che  beam  axis.  The  second-harmonic  power  per  unit  area,  S2,  is 
proportional  to  the  fundamental  intensity,  S^,  squared.  The  second- 
harmonic  intensity  profile  envelope  must  therefore  be  narrower  than 
che  fundamental  intensity  profile  envelope  when  these  are  both 
normalized  to  unity  on  the  beam  axis.  On  this  basis, the  divergence 
of  che  second-harmonic  beam  is  less  than  the  divergence  of  the  laser 
beam. 

We  shall  now  compare  these  results  with  chose  expected  for  in¬ 
coherent  second-harmonic  generation  in  an  amorphous  medium.  Mlnck 
et  al  (1966,  p.  1371)  have  stated  that  second-harmonic  radiation  from 
amorphous  materials  does  not  appear  as  a  beam,  and  have  suggested  that 
it  be  thought  of  as  analogous  to  Rayleigh  scattering  in  linear  media. 
Presumably,  this  analogy  is  meant  only  to  indicate  the  diffuse  character 
of  the  incoherent  second-harmonic  radiation  pattern.  A  better  quanti¬ 
tative  idea  of  the  diffuse  character  of  che  incoherent  second -harmonic 
radiation  pattern  can  be  obtained  from  the  theoretical  work  by  Bersohn 
et  al  (1966).  These  investigators  have  derived  general  theoretical 
equations  for  the  angular  distribution  of  incoherent  second-harmonic 
radiation  from  an  amorphous  medium.  In  their  analysis,  che  incident 
laser  beam  can  be  plane  polarized,  unpolarized,  or  elliptically 
polarized  (Bersohn  et  al,  1966,  Sect.  III).  The  expressions  that  they 
have  developed  are  difficult  to  interpret  when  presented  in  general 
form  (See  Eqs.  25-27  in  Bersohn  et  al,  1966).  Therefore,  we  shall 
present  a  simplified  special  case  as  a  working  example. 
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Consider  a  plane  polarized  fundamental  wave  propagating  In  the 
Z  direction  with  the  electric  field  polarized  along  the  Y  direction 
0j>  ■  0  in  Eq.  17  of  Bersohn  et  al).  Let  9  be  the  angle  between  the 
Y  axle  and  a  radius  vector  drawn  fron  the  origin  to  a  distant  ob¬ 
server.  Using  Eqs.  25-32  in  Bersohn  et  al,one  can  write  the  following 
simplified  expressions  for  the  intensity  of  the  second  harmonic 
radiation  as  a  function  of  8,  when  the  observer  is  at  a  fixed  distance 
and  is  confined  to  the  X-Y,  X-Z  and  Y-Z  coordinate  planes  respectively. 

Zj-yO)  "  A(1  +  cos20)  +  B  sin29  (2) 

1^(0)  -  A  +  B  (3) 

1^2(0)  -  A(1  +  cos20)  +  B  sin20  (4) 

In  Eqs.  2,  3,  and  4,  A  and  B  are  quadratic  functions  of  the  tensor 

components  of  the  second-order  nonlinear  polarizability  of  the  molecules 

of  the  medium  (Bersohn  et  al,  1966,  p.  3189;  This  article  uses  the 
2  2 

notation  and  Szzz  for  quantities  that  are  proportional  to  A 

and  B) .  The  quantities  A  and  B  are  constants  for  a  given  medium. 

For  the  remainder  of  this  discussion  it  will  be  convenient  to 
express  Eqs.  2,  3  and  4  in  the  form: 

■  (A  +  B)  +  (A  -  B)  cos20 


(5) 
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W9> 

•  A  +  B 

(6) 

We> 

-  (A  +  B)  +  (A  -  B)  cos20 

(7) 

According  Co  Eq.  6,  eh*  intensity  distribution  in  ths  X-Z  plan*  is  * 
constant  for  all  angular  positions  of  th*  observer.  Therefore,  the 
distribution  in  the  X-Z  plan*  has  no  beaa-lik*  properties.  According 
to  Eqs.  5  and  7,  the  distributions  In  eh*  X-Y  and  Y-Z  planes  are 
identical.  When  A  >  B  these  distributions  can  be  beam-like  in  th* 
forward  direction.  The  most  forward  peaked  distribution  is  obtained 
when  B  ■  0.  In  this  instance. 


1^(0)  -  -  A(1  +  cos20)  (8) 

-1/2 

Th*  e  points  of  this  distribution  occur  for  0  -  62.5*  which  indicates 
a  very  broad  beam.  This  divergence  is  much  greater  than  the  divergence 
of  most  laser  beams.  One  should  contrast  this  with  the  beam  divergence 
for  coherent  second-harmonic  generation  which  is  expected  to  be  less 
than  the  beam  divergence  of  the  laser.  Consequently,  with  incoherent 
second-harmonic  generation,  one  would  expect  a  beam  width  greater  chan 
63*  whereas  with  coherent  second-harmonic  generation  one  would  expect 
a  beam  width  that  is  less  than  the  laser  beam  width. 

The  results  of  our  measurements  shown  in  Fig.  6.3  indicate  that 


there  was  a  high  concentration  of  second-harmonic  power  from  the 
rabbit  cornea  at  low  forward  angles  near  the  laser  beam  axis.  In  other 
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words,  within  our  range  of  measurements  second-harmonic  emission 
appeared  in  a  well-defined  beam.  In  order  to  produce  detectable 
amounts  of  second-harmonic  radiation  outside  this  beam  it  was 
necessary  that  scattering  media  be  inserted  in  the  beam  path.  This 
was  accomplished  by  roughening  the  surface  of  a  dried  corneal  sample 
or  by  introducing  a  diffusing  glass  plate  between  the  cornea  and  lens 
B  (See  Results  section  6.2).  When  no  scattering  medium  was  present, 
no  second-harmonic  radiation  was  detected  at  0g  *  +12°,  +25*  and  -12° 
(See  Results  section  6.2).  The  existence  of  a  beam  of  forward-directed 
second-harmonic  radiation  is  in  best  agreement  with  the  scalar  model 
for  coherent  second-harmonic  generation  from  a  crystalline  medium 
that  was  outlined  above.  It  is  in  poor  agreement  with  the  broad  pat- 
|  tern  expected  from  an  amorphous  medium. 

i 

k  There  is,  however,  a  difference  between  the  theoretical  beam  for 

coherent  second-harmonic  generation  and  the  observed  beam.  We  have 
indicated  in  outlining  the  scalar  model  that  the  theoretical  second- 
harmonic  beam  from  a  crystalline  medium  should  have  a  smaller  divergence 
than  the  fundamental  beam.  In  the  measurements,  the  opposite  situation 
appears  to  exist  for  the  rabbit  cornea. 

The  simplest  explanation  for  the  wider  divergence  of  the  observed 
second-harmonic  beam  is  based  on  the  light  scattering  properties  of 
the  mammalian  cornea.  Models  presented  by  Hart  and  Farrell  (Hart  and 
Farrell,  1969)  and  by  Benedek  (Benedek,  1971)  have  shown  that  light 
scattering  in  the  rabbit  cornea  is  negligible  at  X^  *  694. 3nm  (ruby 
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laser  wavelengch)  but  is  significant  at  A ^  -  347. 2nm  (second-harmonic 
wavelength) .  Hart  and  Farrell  have  also  given  experimental  spectro- 
photometric  light  transmission  data  for  the  rabbit  cornea  (Hart  and 
Farrell,  1969,  Fig.  4)  that  is  in  good  agreement  with  their  theoretical 
model  of  transmission  based  on  light  scattering.  They  show  that 
transmission  is  about  95%  near  -  694. 3nta  and  only  about  70%  near 
X2  ■  347. 2nm.  We  have  obtained  transmission  values  in  fresh  rabbit 
corneas  chat  are  in  good  agreement  with  this  data.  Based  on  the  above 
inf ormation, it  is  reasonable  to  assume  chat  the  divergence  of  a  ruby 
laser  beam  will  not  be  significantly  affected  by  light  scattering  in 
the  cornea,  while  a  second-harmonic  beam  may  be  markedly  broadened. 

This  may,  therefore,  explain  why  we  have  observed  a  divergence  for 
the  second-harmonic  beam  from  rabbit  corneas  that  is  greater  than  the 
divergence  of  the  laser  beam. 

The  wider  beam  divergence  of  the  second-harmonic  radiation  may 
also  indicate  that  there  is  only  local  crystallinity  in  the  rabbit 
cornea.  The  analysis  of  this  aspect  requires  further  experimental 
work  and  is  beyond  the  scope  of  this  presentation. 

The  data  that  has  been  obtained  regarding  the  divergence  and  pro¬ 
file  of  the  second-harmonic  beam  is  approximate.  Each  histogram  bar 
in  Fig.  6.3  has  a  30%  standard  deviation  in  height.  Therefore,  the 
smooth  curve  that  has  been  drawn  through  the  bars  in  Fig.  6.3  and 
used  to  estimate  the  second-harmonic  beam  divergence  is  not  precise. 

It  can  also  be  seen  in  Fig.  6.3  that  the  bar  between  0s  and  2°  is 
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about  12%  lowar  chan  the  bar  between  2*  and  3*.  The  difference  In 
these  two  heights  is  well  within  the  30%  standard  deviation  in  height. 
Therefore,  one  cannot  conclude  chat  this  difference  represents  an 
actual  feature  of  the  second-harmonic  beam  profile. 

No  extensive  work  was  performed  to  determine  the  distribution  of 
second-harmonic  intensity  as  a  function  of  the  polar  angle  at  a  given 
cross  section  of  the  beam.  The  only  investigation  of  this  kind  con¬ 
sisted  of  covering  the  bottom  half  of  lens  B  with  the  top  half  open 
and  then  covering  the  top  half  of  lens  B  with  the  bottom  half  open. 

No  annular  apertures  were  used  in  this  investigation.  No  significant 
difference  in  second-harmonic  power  was  observed  between  covering  the 
top  half  or  the  bottom  half'  (15%  higher  power  through  the  top  half) . 
Studies  of  the  beam  profile  and  beam  divergence  could  be  carried  out 
photographically.  In  this  case,  the  entire  beam  cross  section  would 
be  observed  with  each  exposure  if  the  dynamic  range  of  the  film  was 
sufficiently  large. 

6. A  Summary  and  conclusions 

Our  experimental  results  have  indicated  the  following: 

a.  A  well-defined  beam  of  ruby  laser  radiation  at  69Anm  produced 
a  well-defined  beam  of  second-harmonic  radiation  at 
347nm  from  rabbit  cornea. 

b.  Virtually  all  of  the  laser  radiation  was  within  2®  of  the 

beam  axis.  However,  the  second-harmonic  beam  was  broader. 


Ninety-five  per-cent  of  the  measured  second-harmonic  power 
in  the  forward  direction  was  within  6*  of  the  beam  axis. 

c.  The  observed  beam  of  second-harmonic  radiation  from  the 
cornea  is  in  better  agreement  with  coherent  second-harmonic 
generation  from  a  crystalline  medium  than  it  is  with  in¬ 
coherent  second-harmonic  generation  from  an  amorphous 
medium. 

d.  The  observed  broadening  of  the  second-harmonic  beam  may  be 
due  to  light  scattering  in  the  cornea  at  347nm  or  due  to 
local  rather  chan  overall  alignment  of  the  second-harmonic 
oscillators  of  the  rabbit  cornea. 


Figure  6.1 

Schematic  of  the  apparatus  used  to  monitor  the  angular  distribution 
of  second-harmonic  radiation  from  rabbit  cornea.  For  the  most  part, 
the  apparatus  is  the  same  as  that  shown  in  Fig.  4.1.  Annular  aper¬ 
tures  are  added  at  lens  B  in  order  to  map  the  distribution  of  second- 

harmonic  power  as  a  function  of  the  forward  scattering  angle  9  .  The 

s 

Ha-Ke  laser  and  beam  expander  shown  within  dotted  lines  were  Inserted 
for  alignment  purposes.  They  were  removed  while  the  ruby  laser  was 


operating . 
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Figure  6.2 


Diagram  of  corneal  sample  preparation.  The  center  of  the  cornea 
was  flattened  against  a  glass  microscope  slide  where  it  adhered 
naturally.  Aqueous  from  the  rabbit  eye  was  spread  over  the  front 
surface  and  covered  with  a  glass  cover  slip.  The  cover  slip  was 
held  in  place  with  cape. 


Figure  6.3 


The  large  experimental  plot  shows  eh*  r*l*eiv*  second-harmonic  peak* 
power  p«r  unit  ar**  of  eh*  annular  aparturas,  W^,  versus  th*  forward 
scattering  angle,  8#.  la  recorded  as  a  hlstograa.  Th*  variance 
in  the  hlstograa  heights  is  30Z.  A  smooth  curve  W^(0#)  i*  drawn  by 
eye  through  the  hlstograa  data.  The  cumulative  power  as  a  function 
of  9g  was  obtained  by  a  numerical  integration  of  ^(6^)  and  is  shown 
as  a  small  plot  of  WR  versus  8^.  This  latter  plot  shows  that  95Z  of 
the  aeasured  forward  power  was  within  6*  of  the  beam  axis. 


RELATIVE  SECOND-HARMONIC  PEAK  POWER 


SCATTERING  ANGLE,  0S  (DEGREES) 


Figure  6 .  4 


Sketch  of  the  salient  features  of  a  TEM  gausslan  bean.  The  broken 
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lines  are  the  locli  of  the  e  points  of  the  beam  intensity.  The 
waist  region  is  where  these  lines  are  closest  and  almost  parallel. 
The  gausslan  profile  is  also  sketched  for  convenience.  The  angle  9^ 
is  the  beam  divergence  angle. 


WAIST 


CHAPTER  7 


EFFECTS  OF  COLLAGEN  PHASE  TRANSFORMATION 
ON  SECOND-HARMONIC  GENERATION 

It  has  been  recognized  for  about  150  years  that  connective 
tissue  fibers  shorten  when  they  are  heated  (Bear,  1952).  There  is 
strong  evidence  that  .this  thermal  contraction  of  the  tissue  is  pro¬ 
duced  by  changes  in  the  collagen  component  of  the  fibers.  Contraction 
occurs  in  a  narrow  temperature  range,  but  the  location  of  this  range 
depends  on  whether  the  fibers  have  been  previously  heated  and  on  the 
state  of  hydration  of  the  fibers.  In  most  cases,  with  fresh  moist 
tissue,  the  fiber  contraction  occurs  between  60°C  and.  67° C  (Bear,  1952 

m.  - 

r  • 

Flory,  1965;  Banga,  1966).  With  care,  the  temperature  range  over 
which  contraction  occurs  can  be  made  less  than  3°C  (Flory  and  Garrett, 
1958). 

A  number  of  thermodynamic,,  X-ray  diffraction,  light  microscope, 
and  electron  microscope  studies  have  provided  a  basis  for  formulation 
of  current  models  of  the  thermal  contraction  process  (Elden,  1968, 
Sect.  VA;  Banga,  1966,  Chapt.  XI;  Rice,  1960,  Veis  and  Cohen,  1960; 
Bear,  1952,  Sect.  IV. 5).  Thermodynamic  studies  of  tendon  collagen 
fibers  have  indicated  that  thermal  contraction  approximates  a  first 
order  phase  transformation  when  care  is  exercised  to  maintain  thermal 
equilibrium  (Flory  and  Garrett,  1958;  Flory,  1956,  p.  57). 


The  bond  energies  that  appear  to  be  important  in  this  phase 
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transformation  arc  those  associated  with  the  intramolecular  hydrogen 
bonds  of  the  collagen  molecules  themselves  (Flory,  1961).  The  forces 
that  bind  collagen  molecules  together  to  form  fibrils  are  very  weak 
and  are  not  significant  in  the  phase  transformation  (Flory,  1961). 

The  intramolecular  hydrogen  bonds  stabilize  the  three  stranded 
helical  structure  of  the  collagen  molecule  and  produce  an  overall 
rigid  rodlet  molecule  (Doty,  1959;  Raaachandran  and  Sasisekharan, 

1961).  Disintegration  of  these  bonds  occurs  in  a  narrow  temperature 
range.  When  this  happens,  the  three  component  chains  of  the  collagen 
molecule  also  separate  and  become  flexible,  non-helical,  random  coil 
macromolecules  themselves.  Local  attachments  may  occur  between  two 
of  the  separated  strands  (Schmitt,  1959,  p.  351).  The  molecular  weights 
of  the  individual  strands  are  each  about  100,000  (Schmitt,  1959,  pp.  351- 
352).  These  changes  are,  of  course,  not  directly  visible. 

Macroscopically,  during  the  phase  transformation  the  highly 
anisotropic,  relatively  inextensible  collagen  fibers  are  changed  into 
amorphous,  extensible  fibers.  Flory  has  observed  in  tendon  that  this 
phase  transformation  is  characterized  by  a  small  volume  increase,  a 
marked  length  decrease,  and  a  latent  heat  that  must  be  supplied  to 
the  tendon  (Flory,  1956;  Flory  and  Garrett,  1958;  Flory  and  Spurr, 
1961).  Other  changes  that  accompany  the  phase  transformation  in  fibers 
are;  increased  optical  transparency  and  decreased  birefringence 
(Flory,  1956;  Elden,  1968,  pp.  333-335).  When  collagen  is  heated  in 
solution,  the  optical  rotatory  power  decreases  as  the  random  coll 
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phase  appeara  (Flory  and  Carr vet,  1956).  Only  alight  changas  occur 
la  tha  190m  papeida  abaorptioa  band  of  collagan  during  thla  haatlng 
(Wood,  1963). 

Wa  expect  chat  tha  collagan  phaaa  tr ana format ion  daacrlbad 
abova  ahould  affact  tha  second-harmonic  eonvaraion  afflclancy  of 
collaganoua  tlaaua.  If  wa  conaidar  naclva  collagan  flbrlla  to  ba 
non-cantroay— trie  "crystallites"  Chan  an  lnducad,  macroscopic, 
second-order  nonlinaar  polarisation  nay  aaciat  In  thaaa  flbrlla  and 
load  to  tha  growth  of  a  travailing  second-harmonic  wava  by  coharant 
aacond-harmonic  ganaratlon  In  tha  tlaaua.  Whan  thaaa  fibrils  ara 
eonvartad  to  a  random  coil  fisc  roan  lecular  phaaa,  tha  tlaaua  aay  ba- 
com  amorphous.  Undar  thaaa  conditions,  tha  tlaaua  could  no  longar 
support  a  aacond-ordar  nonlinaar  macroscopic  polarization  and  produca 
coharant  growth  of  aacond-harmonic  wava.  In  this  dlaordarad  phaaa, 
aacond-harmonic  ganaratlon  only  occur  as  vaak  incoharent  aacond- 
harmonic  ganaratlon  from  randomly  orlantad,  individual,  indepandent, 
microscopic  dipolas.  Sacond-harmonic  ganaratlon  has  baan  compared 
for  crystalline  and  amorphous  media  in  Chapter  2.  There  it  was  shown 
that  tha  conversion  afflclancy  la  generally  orders  of  magnitude  lower 
in  amorphous  madia  compared  to  crystalline  madia.  Other  changes  in¬ 
volving  tha  oscillators  themselves  may  also  occur,  which  could  reduce 
the  sacond-harmonic  conversion  efficiency. 


Tha  purpose  of  this  chapter  is  to  show  that  tha  sacond-harmonic 
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conversion  efficiency  of  rsbbie  cornea  and  rac  tail  tendon  decreases 
during  Che  collagen  phase  transformation.  A  drop  in  efficiency  may 
be  due  to  decreased  order  in  the  collagen  component  of  these  tissues. 

7.1  Methods  and  materials 

7.1a  Outline  of  methods  and  materials 

Six  groups  of  rat  tail  tendons  were  heated  under  slight  tension 
for  five  minutes  in  separate  distilled  water  baths  at  six  different 
temperatures  between  20°C  and  68*C  (Figs.  7.1  and  7.4).  During  heating, 
dimensional  changes  of  the  tendons  were  estimated  using  a  centimeter 
scale  placed  in  the  bach.  After  heating,  the  tendons  were  mounted  on 
eix  different  glass  microscope  slides.  Each  sample  was  dried  in  a 
continuously  evacuated  vessel  at  room  temperature  for  one-half  hour. 
After  drying,  the  transmission  of  ehe  mounted  samples  was  measured 
at  694nm  and  347na  using  a  Beckman  Model  B  spectrophotometer. 

Qualitative  sample  birefringence  observations  were  then  made  with  a 
polarizing  microscope. 

The  six  samples  were  then  irradiated  using  the  set-up  shown  in 
Fig.  4.1.  The  laser  pulse  duration  was  M.00nsee  and  the  energy  was 
varied  between  approximately  5mJ  and  50mJ.  Scattered  second-harmonic 
radiation  was  collected  in  a  forward  cone  of  ^8°  half-angle  by  lens  B 
in  Fig.  4.1.  The  collected,  relative  second-harmonic  peak  power 
was  recorded  as  a  function  of  relative  laser  peak  power  for  each 


I 


203 


of  Ch«  six  samples. 

A  single  rabble  cornea  was  cue  in  half  along  a  dlameeer  and 
Cakan  through  six  haaeing  seeps  in  a  waCer  bath  at  temperatures 
between  20°C  and  69°C  (Figs.  7.2  and  7.8).  The  first  immersion 
In  Che  bach  was  aC  20°C  for  one  hour.  The  ocher  Immersions  were  each 
for  can  minutes  in  water  at  higher  temperatures. 

After  each  heating  step,  the  sample  was  mounted  on  a  glass  slide 
and  the  major  and  minor  chords  A  and  B  (Fig.  7.3)  were  measured  in 
inches  to  the  nearest  1/32  inch  and  then  converted  to  centimeters. 

The  sample  was  then  dried  on  the  glass  slide  for  a  few  minutes  in 
partial  vacuum  until  the  347nm  optical  transmission  returned  to 
approximately  the  same  level  (172)  observed  after  the  initial  20°C 
immersion  step.  Qualitative  birefringence  changes  were  observed 
with  a  polarizing  microscope  after  completing  the  transmission  check. 
The  sample  was  then  irradiated  using  the  set-up  in  Fig.  4.1. 

Relative  second-harmonic  versus  relative  fundamental  peak  power 
data  was  obtained  at  several  power  levels  for  each  temperature  as 
described  previously  for  tendons. 

Vhlle  only  six  tendon  samples  and  one  corneal  sample,  whose 
optical  transmission  was  adjusted  to  172,  (Table  2)  will  be  discussed 
in  detail  in  this  chapter,  a  number  of  other  tendon  and  corneal  samples 
were  used  to  explore  specific  results  in  specific  temperature  ranges. 
These  Latter  results  are  Incorporated  into  Tables  1  and  2.  Preliminary 
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studies  were  carried  out  on  a  number  of  corneas  and  tendons  before 
running  the  actual  experiments. 

7.1b  Details  of  methods  and  materials 

Seven  or  eight  tendon  fiber  bundles  from  mature  Sprague-Dawley 
rats  were  used  for  each  of  the  six  tendon  samples.  When  laid  side* 
by-side  on  a  glass  slide  with  no  apparent  spaces  between  the  bundles, 
the  fresh  samples  were  'M3. 7cm  wide  and  ^2. 5cm  long.  The  cornea  was 
obtained  from  a  mature  albino  rabbit.  It  was  cut  in  half  along  a 
diameter  so  that  it  would  lay  flat  against  the  microscope  slide. 

The  fresh  cornea  measured  . 4cm  along  the  major  chord  A  and  M).7cm 
along  the  minor  chord  B  when  flat. 

Ordinary  20ml  test  tubes  containing  5ml  of  distilled  water  with 
initial  pH  of  7.0  at  20°C  were  used  for  heating  the  samples.  The 
test  tubes  were  suspended  in  a  circulating  water  bath  whose  temperature 
could  be  controlled  to  +  1°C.  A  thermometer  was  placed  in  the  test 
tube  to  show  when  the  desired  temperature  had  been  reached.  When  the 
samples  were  immersed  in  the  preheated  water,  the  test  tube  water 
temperature  remained  within  +  1°C  of  the  desired  temperature  throughout 
the  heating  period. 

Both  the  tendons  and  cornea  adhered  naturally  to  the  glass 
microscope  slides. 

When  measuring  the  optical  transmission  of  the  tissue  samples 
(see  Chapt.  4),  the  sample  position  was  varied  laterally  to  allow 
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the  monitoring  beam  to  pass  through  various  zones  of  the  tissue 
that  were  near  the  zone  to  be  irradiated.  Transmission  was  recorded 
for  each  position  and  an  average  value  and  standard  deviation  was 
computed  on  the  basis  of  about  5  measurements.  At  347nm,  the  per¬ 
centage  standard  deviation  for  the  cornea  was  approximately  6 X,  and 
for  the  tendons  it  was  approximately  10Z.  At  694nm  the  standard 
deviation  for  tendons  was  approximately  4Z.  Measurements  at  694nm 
ware  not  made  for  corneas. 

The  blue  color  of  the  hydrated  cornea  indicated  that  347nm 
radiation  was,  perhaps,  more  intensely  scattered  than  694nm  radiation. 
For  the  cornea,  we  wished  the  ordinary  scattering  properties  to  be 
approximately  the  same  after  each  heating  step,  therefore  it  was 
decided  to  maintain  a  constant  transmission  at  347run  in  one  of  the 
corneas.  The  347nm  transmission  was  adjusted  by  partial  drying,  to 
17Z  after  each  heating  step  in  this  cornea.  Since  the  properties  of 
the  moist  cornea  changed  with  time  when  exposed  to  air,  cornea  trans¬ 
mission  measurements  at  694nm  were  omitted  to  speed  the  experimental 
procedure. 

Newton's  color  scale  was  used  for  qualitative  assessment  of 
birefringence  changes  (Lin  and  Sullivan,  1972,  Fig.  5). 

Complete  results  from  only  six  tendon  samples  and  one  corneal 
sample  will  be  reported  in  this  chapter;  however  approximately  a 
dozen  tendons  and  a  slightly  greater  number  of  corneas  were  used  to 


develop  various  aspects  of  the  methods  described  above.  For  example, 
three  other  corneas  were  heated  in  air  rather  than  in  water,  while 
other  corneas  were  heated  in  buffer  solutions.  Second-harmonic 
generation  efficiency  changes  were  also  measured  for  these  samples. 
The  six  tendon  samples  described  previously  in  the  methods  and 
materials  outline  were  heated  with  a  Q4gm  lead  weight  attached  to 
supply  slight  tension.  Several  other  tendons  were  also  heated  with¬ 
out  a  weight.  Transmission  and  birefringence  changes  were  also 
studied  for  a  number  of  corneas  and  tendons;  only  a  few  spot  checks 
were  made  of  second-harmonic  conversion  efficiency  in  most  of  these. 
These  ancillary  studies  did  not  yield  results  that  were  inconsistent 
with  those  obtained  from  the  six  tendon  samples  and  the  one  cornea 
that  are  described  in  this  chapter. 

7.2  Results 

7.2a  Brief  summary  of  results 

Near  60°C,the  tendon®  and  cornea  underwent  abrupt  changes  that 
were  characteristic  of  the  collagen  phase  transformation  that  has 
been  studied  in  detail  by  Flory  (Flory  and  Garrett,  1958;  Flory, 
1956).  These  changes  were: 

a.  Shrinkage  along  the  direction  of  the  collagen  fibers  (Figs. 
7.4,  7.8) 

b.  Swelling  in  the  directions  perpendicular  to  the  fibers 

c.  Decreased  birefringence 
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d.  Increased  optical  transmission  (Figs.  7.6,  7.9) 

e.  Increased  mechanical  compliance 

£.  In  the  case  of  tendon,  creep  along  the  original  direction 
of  the  fibers  following  shrinkage  (Fig.  7.5). 

In  addition  to  these  changes,  the  second-harmonic  conversion 
efficiency  in  these  tissues  dropped  by  more  than  an  order  of  magnitude 
near  60°C  and  remained  low  at  higher  temperatures  (Figs.  7.7,  7.10). 

Reversal  of  these  effects  with  time  was  not  observed. 

7.2b  Results  from  tendons 

i.  Dimensional  changes  (tendon)  ' 

The  length  of  the  lead  weighted  tendon  samples  was  estimated 
from  a  centimeter  scale  placed  in  the  water  bath  used  for  heating. 

Figure  7.4  shows  the  maximum  length  changes  that  occurred  at  various 
bath  temperatures  for  each  of  the  six  tendon  samples  that  were  to  be 
irradiated.  No  length  changes  were  produced  at  temperatures  below 
57°C.  At  6Q®C  there  was  a  slight  contraction.  At  65®C  and  68®C  the 
tendons  contracted  to  approximately  25%  of  their  original  length  within 
lOOsec  after  immersion,  and  then  were  observed  to  creep  to  75%  of  their 
original  length. 

Figure  7.5,  curve  A,  is  a  sketch  showing  the  approximate  alteration 
in  length  of  a  typical,  contracting  tendon  weighted  sample  as  a  function 
of  time.  The  length  was  estimated  periodically  using  the  centimeter 


208 


scale  in  che  bach.  Concracclon  began  vlchin  a  few  seconds  afcer 
immersion  in  che  preheaced  wacer.  Approximacely  100  seconds  afcer 
immersion,  che  sample  reached  ics  minimum  lengch  (^25%  of  original 
lengch).  AC  this  time,  marked  radial  swelling  of  che  cendon  was 
apparenc.  Afcer  100  seconds,  sample  creep  (re-elongation  ac  conscanc 
force)  was  evidenC.  Creep  was  rapid  aC  firsc,  buC  slowed  Co  an  im- 
percepcible  race  approximacely  300  seconds  afcer  che  cirne  of  immersion. 
Ac  chis  cime  Che  samples  were  removed  from  che  hearing  bath,  placed  on 
a  microscope  slide,  and  kept  in  air  ac  20®C  while  che  final  sample 
lengch  was  measured.  This  final  length  was  found  to  be  80%  of  che 
original  lengch  at  che  Cime  of  immersion.  No  further  changes  occurred 
while  che  samples  remained  moist  in  air  at  20“C  prior  Co  drying  in 
vacuum. 

In  an  ancillary  experiment,  several  tendons  were  heated  above 
Che  contraccion  cemperaCure  wichout  a  weight.  These  samples  contracted 
maximally  within  a  few  seconds  of  immersion  (Fig.  7.5,  curve  B) .  Creep 
was  evidenC  shortly  afcer  maximal  contraction  had  occurred.  These 
samples  returned  Co  an  asymptotic  value  of  75%  of  their  original  lengch 
afcer  300  seconds  of  creep. 

Each  fiber  bundle  in  Chose  tendon  samples  Chat  had  been  heated  to 
temperatures  below  che  contraction  temperature  C^60*C)  became  slightly 
smaller  in  cross-section  after  1/2  hour  of  drying  in  vacuum  at  20°C. 

No  lengch  changes  were  observed  during  drying.  The  fibers  Chat  had 
been  heated  Co  temperatures  above  che  contraction  CemperaCure  also 


did  not  change  in  length  during  1/2  hour  of  drying  In  vacuum  at  20*C; 
that  is,  they  maintained  their  length  of  75Z  of  the  original  length. 
However,  there  ware  marked  radial  changes.  In  these  samples,  the 
tendons  on  the  microscope  slide  became  flattened  during  drying  and 
appeared  to  "fuse"  together  so  that  individual  bundles  were  not  easily 
distinguished.  The  thickness  of  these  fused  fiber  bundles  (measured 
as  a  height  above  the  microscope  slide  surface)  was  about  70Z  of  the 
diameter  of  the  non-contracted  fiber  bundles;  the  overall  cross- 
sectional  area  appeared  to  be  the  same  for  both  non-contracted  and 
contracted  bundles. 

ii.  Light  transmission  changes  (tendon) 

Light  transmission  was  measured  at  694nm  and  347nm  after  heating 
and  vacuum  drying.  Figure  7.6  shows  the  light  transmission  as  a 
function  of  temperature  for  the  same  six  tendon  samples  whose  con¬ 
traction  characteristics  are  shown  in  Fig.  7.4.  There  was  an  increase 
in  transmission  at  both  694nm  and  347nm  between  50®C  and  57#C.  Light 
transmission  continued  to  improve  over  a  broad  range  from  50SC  to  68°C 
which  was  the  highest  temperature  used. 

ill.  Birefringence  changes  (tendon) 

Qualitative  birefringence  changes  were  noted  using  a  polarizing 
microscope  and  Newton's  color  scale  (Lin  and  Sullivan,  1972).  The 
microscope  was  necessary  in  this  case  since  birefringence  colors 
change,  when  the  sample  thickness  changes  by  very  small  amounts.  There 


fore,  only  small  sample  regions  possess  discince  colors  which  muse  be 
viewed  with  magnification.  Brilliant  complementary  colors  appearing 
with  crossed  and  then  parallel  polarizer  and  analyzer  are  indicative 
of  high  birefringence.  A  grey  or  black  field  of  view  with  crossed 
polarizer  and  analyzer  is  indicative  of  low  birefringence. 

When  scanned  along  their  length,  non-contracted  fibers  (fibers 
heated  below  60#C)  showed  a  progression  of  birefringence  colors.  This 
was  probably  related  to  small  thickness  changes  in  the  fibers.  When 
the  microscope  polarizer  or  analyzer  was  rotated  by  90  degrees,  each 
of  these  colored  regions  changed  to  its  complementary  hue.  For  example, 
the  most  commonly  observed  colors  in  non-contracted  fibers  were  green, 
yellf.:ish-green,  greenish-blue,  indigo  (reddish-blue)  with  crossed 
polarizer  and  analyzer.  When  the  polarizer  and  analyzer  were  rotated 
so  as  to  be  parallel,  these  colors  changed  to  purplish-red,  violet, 
brownish-orange,  and  gold-yellow  respectively.  These  are  complementary 
color  changes.  The  complementary  color  changes  and  the  purity  (or 
saturation  (Honk,  1963,  p.  331)  )  of  the  colors  are  a  qualitative 
indication  of  high  birefringence  in  the  non-contracted  fibers  (Vickers, 
1963) . 

Fibers  that  had  been  heated  to  65°C  or  68°C  (and  allowed  to  creep) 
were  uniformly  grey  with  crossed  polarizer  and  analyzer.  They  were 
a  brilliant  white  with  parallel  polarizer  and  analyzer.  This  is  a 
qualitative  indication  of  low  birefringence.  Therefore,  in  the  six 


tendon  samples  that  are  described  in  Figures  7.4  and  7.6,  birefringence 
was  high  after  heating  and  drying  below  60*C,  but  dropped  markedly  at 
65*C  to  6a*C. 

iv.  Second-harmonic  conversion  efficiency  changes  (tendon) 

Low-angle,  forward-scattered,  second-harmonic  peak  power  and  the 
incident  laser  peak  power  could  be  measured  either  as  oscilloscope 
pulse  heights  or  as  actual  peak  powers  with  the  apparatus  shown  in 
Figure  4.1.  Two  measures  of  experimental  second-harmonic  conversion 
efficiency  were  used  in  these  studies.  A  relative  forward  conversion 
was  defined  from  the  ratio  of  the  oscilloscope  pulse 

heights 


efficiency 


<W '  VHi 


where 


Hj  “  Pulse  height  for  second-harmonic  oscilloscope  channel 

-  Pulse  height  for  fundamental  oscilloscope  channel 

A  measured  forward  scattered  power  conversion  efficiency  was 

defined  as  the  ratio  of  the  second  harmonic  peak  power  collected 

in  the  forward  direction,  by  lens  B  (Fig.  4.1)  to  the  laser  peak  power 
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incident  at  the  sample 

°MPF  "  W2B/W1 

Since  a  anci  H2  a  W2B  iC  is  c^aar  c^at  Cmrj  a  SlPF* 

In  most  of  the  studies  reported  in  this  chapter  we  were  interested 
in  changes  that  occurred  in  the  low-angle,  forward  conversion  efficiency 
of  corneas  and  tendons  as  these  tissues  were  heated.  These  changes 
will  generally  be  reported  as  the  ratio  of  below  the  collagen 

phase  transformation  temperature  to  Cy^  above  the  collagen  phase 
transformation  temperature. 

In  some  cases  it  was  important  to  compare  theoretical  and  ex¬ 
perimental  estimates  of  the  actual  low-angle,  forward  scattered, 
second-harmonic  peak  power.  These  comparisons  were  made  using 

for  various  values  of  and  the 

sample  heating  temperatures.  The  same  six  tendon  samples  used  in 
Figures  7.4  and  7.6  are  used  in  Figure  7.7.  Each  data  point  is 
labeled  with  the  sample  heating  temperature.  Values  of  C.__  were 
obtained  from  samples  that  were  heated  at  65*C  and  68*C.  At  65*C  and 
68*C  the  forward  conversion  efficiency  was  so  low  that  system  noise 
affected  the  second-harmonic  oscilloscope  signals.  One  laser  pulse 
was  fired  at  ■  18  units  using  a  65*C  sample  (Fig.  7.7).  This  was 
considered  to  be  a  laser  level  at  which  sample  damage  might  occur; 


I 


Figure  7 . 7  shows  values  of 
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however,  1c  was  risked  in  order  Co  cry  Co  obcaln  higher  second-harmonic 
radiation  levels  from  a  thermally  contracted  sample.  No  gross  damage 
was  evldenc.  The  conversion  efficiency  in  this  case  was  consistent 
wlch  chac  obtained  from  contracted  samples  at  lower  laser  power  levels. 

Samples  with  the  same  second-harmonic  forward  conversion  efficiency 
should  yield  C^p  versus  data  chat  is  grouped  around  a  straight  line 
of  the  form: 


CMRF-  "l 


(1) 


Where  A  is  a  constant  that  depends  upon  the  sample  material  properties 
and  the  Irradiated  area  of  the  sample.  (See  Chapter  2  for  a  discussion 
of  efficiency  fluctuations).  When  one  observes  the  data  in  Figs.  7.7 
and  7.10,  the  points  appear  to  lie  in  two  groups.  In  both  figures, 
one  group  contains  only  points  obtained  from  non-contracted  samples 
and  the  ocher  group  contains  only  points  from  contracted  samples.  A 
regression  line  was  obtained  for  each  group. 

The  ratio  of  the  slopes  of  the  regression  lines  in  Fig.  7.7  for 
tendons  was  30:1  which  is  indicative  of  the  fact  that  two  distinct 
data  groups  were  present.  The  data  group  corresponding  to  thermally 
contracted  tendons  had  consistently  lower  values  of  over  Che  range 
of  values  employed.  The  cornea  data  will  be  discussed  in  the  next 
section. 
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7.2c  Details  of  results  from  corneas 

i.  Dimensional  changes  (cornea) 

The  length  of  the  heated  corneal  sample  was  measured  to  the 
nearest  1/32  inch  and  converted  to  centimeters  after  each  heating  step 
while  the  cornea  was  resting  flat  on  a  microscope  slide.  Figure  7.8 
shows  the  changes  that  occurred  in  chords  A  and  S  (see  Fig.  7.3)  as  a 
function  of  the  bath  temperature.  No  significant  length  changes  were 
produced  for  temperatures  below  57*C.  At  64*C  both  chords  A  and  B 
contracted  to  65%  of  their  original  length.  Chords  A  and  B  remained 
contracted  to  this  length  at  69°C.  In  this,  and  other  corneas,  the 
contraction  process  was  monotonic  -  no  creep  was  observed  following 
contraction.  When  chords  A  and  B  shortened,  the  thickness  of  the 
cornea  (C  in  Fig.  7.3)  increased.  The  thickness  change  was  not 
measured  but  was  clearly  visible  while  the  sample  was  being  heated. 

ii.  Light  transmission  changes  (cornea) 

Light  transmission  was  measured  at  347nm  after  heating,  while 
the  cornea  was  mounted  on  the  glass  slide.  The  sample  was  slightly 
dried  in  vacuum  for  a  few  minutes  to  return  the  transmission  to 
approximately  the  same  value  after  each  heating.  In  Fig.  7.9, the  data 
points  enclosed  in  circles  show  the  347nm  transmission  after  the  mild 
vacuum  drying  step  before  irradiation.  The  transmission  was  held  to 
between  16%  and  18%.  (Ho  drying  was  needed  at  69*C).  For  comparison, 
the  transmission  at  347nm  is  shown  for  another  rabbit  cornea  (data 


points  enclosed  in  squares;  Fig.  7.9)  chet  was  taken  through  the  same 
heating  procedure  except  that  no  vacuum  drying  was  performed.  The 
transmission  of  this  cornea  was  also  relatively  constant  between  20*C 
and  51*C.  At  57*C  the  transmission  dropped  by  almost  a  factor  of  two. 
This  drop  preceeded  contraction.  The  transmission  remained  low  at 
63#C,  where  contraction  was  evidant.  At  64 *C  and  69 *C  the  transmission 
rose  markedly.  The  amount  of  contraction  was  approximately  constant 
between  64*C  and  69*C. 

ill.  Birefringence  changes  (cornea) 

Qualitative  birefringence  changes  were  monitored  in  the  same  way 
for  corneas  as  for  the  tendons.  Below  the  contraction  temperature, 
the  cornea  was  uniformly  gray  with  crossed  polarizer  end  analyzer. 

Ulth  parallel  polarizer  and  analyzer,  it  was  a  brilliant  white.  This 
is  indicative  of  low  birefringence.  After  contraction,  both  grey  and 
black  areas  were  visible  with  crossed  polarizer  and  analyzer.  These 
grey  and  black  areas  became  a  brilliant  white  with  parallel  polarizer 
and  analyzer. 

These  results  are  indicative  of  low  birefringence  for  light 
propagating  in  the  normal  direction  in  the  cornea  both  below. and  above 
the  contraction  temperature.  The  presence  of  black  areas  above  the 
contraction  temperature  may  indicate  that  some  local  reduction  in  bi¬ 
refringence  occurred  on  contraction.  The  low  initial  birefringence 
of  the  corneas  made  it  more  difficult  to  observe  birefringence  changes 
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Chan  had  been  che  case  vich  tendon. 

iv.  Second-harmonic  conversion  efficiency  changes  (cornea) 

As  was  indicated  in  Section  7.2a.iv,  che  data  for  versus 

lies  in  two  groups  in  Fig.  7.10.  One  group  contains  only  points  ob¬ 
tained  from  non-contracted  corneas  while  che  other  group  contains  only 
points  obtained  from  contracted  corneas.  A  regression  line  was  ob¬ 
tained  for  each  group.  Both  groups  are  for  corneas  whose  transmission 
had  been  adjusted  to  17%  transmission  at  347nm. 

The  ratio  of  the  slopes  of  the  regression  lines  in  Fig.  7.10  for 
corneas  was  about  10:1,  which  is  indicative  of  the  fact  that  two  distinct 
data  groups  were  present.  The  data  group  corresponding  to  thermally 
contracted  cornea  had  consistently  lower  values  of  over  the  range 
of  values  employed. 

7. 2d  Ancillary  results 

In  an  ancillary  experiment,  tendons  were  thermally  contracted  at 
68*C  both  with  and  without  a  weight  as  described  previously.  However 
these  tendons  were  removed  from  che  bath  at  the  time  of  maximal  con¬ 
traction  (100  seconds) ,  placed  on  microscope  slides  and  dried  in 
vacuum  at  20aC.  These  tendons  remained  maximally  contracted.  "Fusion" 
of  the  tendon  fiber  bundles  was  evident;  as  was  the  case  with  con¬ 
tracted  tendons  in  our  principal  studies.  Several  differences  between 
these  maximally  contracted  tendons  and  the  previously  described  tendons 
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were  noted.  These  tendons  were  amber  in  color  rather  than  clear; 
their  surfaces  were  badly  wrinkled  rather  than  smooth;  they  showed 
zones  of  qualitatively  unaltered,  high  birefringence.  The  relative 
second-harmonic  conversion  efficiency  of  these  maximally  contracted 
tendons  was  much  greater  than  that  observed  with  the  contracted 
tendons  that  had  been  allowed  to  creep  and  was  slightly  less  than 
that  for  tendons  that  had  not  yet  contracted.  No  transmission 
measurements  were  made  on  these  samples.  The  observed  changes  in 
C^j,  may  have  been  due  to  changes  in  the  surface  quality  of  the  tis¬ 
sue,  therefore  these  tissues  could  not  be  used  for  comparing  before 

and  after  the  collagen  phase  transformation. 

7.3  Discussion 

When  heated  in  water  to  a  temperature  of  approximately  60°C, 
tendons,  corneas  and  other  collagenous  tissues  contract  along  the 
collagen  fiber  direction;  become  less  birefringent ;  and  generally 
become  more  transparent.  Flory  has  reviewed  evidence  that  suggests 
these  changes  are  caused  by  a  rigid-rod  to  random-coil  phase  trans¬ 
formation  within  the  collagen  molecules,  of  the  tissue  fibers  (Flory, 
1956).  The  collagen  phase  transformation  temperature  is  different 
for  different  tissues  and  also  depends  on  a  number  of  experimental 
conditions  such  as  tissue  temperature  history  and  hydration.  For 
convenience  in  this  discussion,  we  shall  use  60°C  as  an  approximation 
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Co  Che  collagen  phase  transformation  temperature. 

Below  60 ®C,  Che  collagen  molecule  in  tissue  is  a  stiff,  rope-like 
structure  consisting  of  three  helical  polypeptide  chains  that  are  wound 
around  each  other  in  a  lower  pitch  helical  pattern.  In  this  confor- 
mation,  the  collagen  molecule  is  approximately  3000A  long  and  its 
diameter  is  aprpoximately  14a.  Hydrogen  bonds  are  considered  to  be 
responsible  for  the  attachment  of  the  polypeptide  chains  to  each  other 
and  are  also  responsible  for  the  helical  structure  of  the  individual 
chains  (Schmitt,  1959,  ?.  35;  Flory,  1956,  pp.  56-58).  The  rigid 
rodlet  collagen  molecules  are  laid  down  in  a  regular  parallel  array 
and  bound  together  by  weak  intermolecular  bonds  to  form  collagen 
fibrils  (Fig.  7.12)  (Flory,  1956,  pp.  56-58). 

In  moist  tissue  near  60*C,  there  is  a  relatively  narrow  temperature 
range  (less  than  3*0  in  which  the  intramolecular  hydrogen  bonds  of 
the  collagen  molecules  are  broken  (Flory,  1956,  p.  57).  When  this 
occurs,  the  polypeptide  chains  also  separate,  lose  their  own  helical 
structure,  and  become  flexible  macromolecules.  These  flexible  chains 
assume  a  random-coil  configuration  (Flory,  1956,  p.  58). 

The  thermal  contraction  of  collagen  fibers  is  generally  attributed 
to  the  shortening  of  the  distance  between  the  polypeptide  chain  ends 
when  the  random  coils  are  formed  (Flory,  1956,  pp.  55-56).  The  reduced 
birefringence  of  the  tissue  and  tissue  fibers  is  due  to  the  greater 
isotropy  of  the  random  coil  collagen  phase  (Banga,  1966,  pp.  122-125). 
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The  increase  in  tissue  transparency  has  not  been  explained  quanti¬ 
tatively;  however  a  qualitative  explanation  can  be  constructed  from 
current  interpretations  of  light  scattering  in  collagenous  tissues. 

There  are  no  significant  optical  absorption  bands  for  the  normal 
cornea  in  a  spectral  region  ranging  from  the  middle  ultraviolet 

310nm)  to  the  very  near  infrared  900nm)  (Maurice,  1962,  p.  316). 
This  may  also  be  true  for  the  tendon.  It  has  been  suggested  that  the 
opacity  or  transparency  of  the  cornea  (and  the  sclera)  is  determined 
by  light  scattering  (Benedek,  1971) .  Maurice  has  performed  measure¬ 
ments  that  show  the  refractive  index  of  collagen  fibrils  to  be  higher 
than  that  of  the  surrounding  ground  substance  (Maurice,  1962,  p.  313). 
Benedek  has  suggested  that  spatial  variations  in  the  number  density 
and  diameter  of  collagen  fibrils  produce  spatial  fluctuations  in  the 
refractive  index  of  the  tissue,  and  that,  under  certain  conditions, 
these  fluctuations  can  cause  light  scattering  (Benedek,  1971).  Direct 
back-scattering  at  a  given  wavelength  is  produced  by  spatial  fluctu¬ 
ations  in  refractive  index  with  dimensions  of  the  order  of  one-half 
the  wavelength  in  the  tissue  (Benedek,  1971,  p.  464).  Progressively 
more  forward  scattering  is  produced  by  spatial  fluctuations  of  the 
refractive  index  that  occur  over  dimensions  much  longer  than  a  wave¬ 
length  (Benedek,  1971,  p.  464,  Eq.  18).  The  tissue  is  opaque  to  a 
given  wavelength  when  backscatter  is  predominant.  The  tissue  is 
transparent  to  a  given  wavelength  when  the  refractive  index  is  uniform 
or  when  fluctuations  in  refractive  index  occur  over  dimensions  that 


are  much  smaller  chan  half  Che  wavelength  In  Che  cissue  (Benedek, 

1971,  p.  464,  Eq.  18). 

According  Co  Hare  and  Farrell,  Che  collagen  fibrils  of  fresh 
normal  rabble  corneas  are  of  small  dlamecer  (26nm) ,  closely  spaced 
(50nm)  (Hare  and  Farrell,  1969,  p.  766),  and  have  spaclal  fluctuaelons 
In  chelr  number  densicy  excendlng  over  disCances  chac  are  small  com¬ 
pared  Co  half  che  vavelengch  of  visible  radlacion  (HarC  and  Farrell, 
1969,  Fig.  2).  Nociceable  flucCuacions  wlch  dimensions  less  chan 
150nm  are  presene  (Hare  and  Farrell,  1969,  Fig.  2).  Consequencly , 
chese  corneas  are  relaclvely  cransparenc  co  wavelengChs  longer  Chan 
abouc  300nm  buc  shorcer  Chan  abouc  900nm  (where  wacer  bands  appear) . 
Hydrated  human  corneas  (corneas  concaining  excess  wacer)  have  spatial 
fluctuations  in  the  number  density  of  collagen  fibrils  with  dimensions 
up  co  approximately  230nm  according  Co  Benedek  (Benedek,  1971,  p.  470). 
Benedek 's  model  predicts  that  these  fluctuations  cause  backscattering 
of  wavelengths  up  to  ^  500nm  (green  light).  Hydrated  corneas  are 
highly  opaque  to  middle  ultraviolet  radiation  (n.  10%  transmission  at 
347nm)  but  are  less  opaque  to  red  light  (^  50%  transmission  at  694nm) 
which  is  consistent  with  strong  backscatter  at  wavelengths  less  than 
500nm.  These  corneas  are  also  blue  in  color  under  room  lights. 

Tendons  contain  irregularly  positioned  fibrils  that  range  from 
about  30nm  to  200nm  in  diameter  (see  Chapter  3).  Both  small  and 
large  fibrils  are  found  together  in  any  given  region  of  the  tissue. 
Spatial  fluctuations  of  refractive  index  with  dimensions  ranging  up  to 


200nm  or  more  might  be  expected  in  this  tissue.  This  may  account  for 
the  low  optical  transmission  of  these  tissues  at  middle  ultraviolet 
wavelengths  (y  2%  transmission  at  347na)  and  somewhat  higher  trans¬ 
mission  for  red  light  (y  202  transmission  at  694nm) .  Fresh  tendons 
are  white  in  color  under  room  lights,  therefore  scattering  must  be 
relatively  intense  over  most  of  the  visible  spectrum. 

When  cornea,  sclera  and  tendon  are  dried,  they  are  all  relatively 
transparent.  Maurice,  in  his  studies  of  cornea  and  sclera,  has  sug¬ 
gested  that  this  may  be  due  to  a  concentration  of  the  ground  substance; 
which  raises  its  refractive  index  to  nearly  that  of  the  collagen 
fibrils  (Maurice,  1969,  p.  315  and  p.  322).  With  a  more  uniform 
refractive  index,  light  scattering  should  decrease  at  all  wavelengths. 
This  may  also  be  true  in  tendon. 

When  tendon  and  hydrated  cornea  are  heated  above  the  collagen 
phase  transformation  temperature  they  become  more  transparent;  as 
we  have  noted  previously.  Flory  has  suggested  that  this  is  generally 
observed  during  crystalline  to  amorphous  polymer  phase  transformations 
(Flory,.  1956,  p.  54).  When  the  phase  transformation  occurs,  the  col¬ 
lagen  fibrils  are  converted  to  a  random-coil  material  that  is  distri¬ 
buted  over  a  slightly  larger  volume  than  the  original  fibril  (Flory 
and  Garrett,  1958,  p.  4836).  Flory  suggests  that  if  a  flexible  polymer 
of  fully  extended  length  rmav  is  released,  then  the  rms  separation,  r, 
between  the  chain  ends  in  the  released  random  coll  configuration  is 


given  by  r  ■  r  //n  where  n  is  the  number  of  flexible  links  in  the 
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polymer  (Flory,  1956,  p.  53).  For  a  single  collagen  strand,  n  'V  10^ 
and  r  w  300nm;  therefore  ideally  r  ^  9.5nm  for  a  collagen  strand 
in  a  random  coil  configuration.  If  r  is  assumed  to  also  be  the 
approximate  size  of  the  random  coil  chain,  then  the  size  for  this 
chain  is  about  an  order  of  magnitude  smaller  than  the  second-harmonic 
wavelength  of  the  ruby  laser  in  tissue.  The  spaces  around  the  random 
coil  molecules  are  presumably  filled  with  water.  Therefore,  after  the 
collagen  phase  transformation,  the  collagen  is  dispersed  as  very  small 
particles  which  means  that  the  refractive  index  of  the  tissues  may 
become  more  uniform.  Under  conditions  of  a  more  uniform  refractive 
index,  light  scattering  should  be  reduced  at  all  wavelengths,  and 
the  tissue  should  become  more  transparent. 

This  discussion  has  qualitatively  related  the  contraction,  loss 
of  birefringence,  and  increase  in  transparency  that  occurs  near  60°C 
in  moist  collagenous  tissue  to  changes  that  are  thought  to  occur  in 
the  collagen  molecule  and  collagen  fibril  at  this  temperature.  In 
addition  to  these  changes,  we  have  observed  a  decrease  in  the  con¬ 
version  of  ruby  laser  radiation  to  forward  scattered  second-harmonic 
radiation  after  tendons  and  corneas  were  heated  to  60°C.  Since 
purified  native  collagen  fibers  have  been  shown  to  produce  second- 
harmonic  radiation  (Chapter  5),  this  decrease  in  conversion  efficiency 
may  also  be  related  to  changes  that  occur  in  the  collagen  molecule 
during  its  phase  transformation  near  60°C. 
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In  a  previous  secclon  of  this  chapter,  we  have  adopted  the 
measured  relative  forward  scattered  second-haraonic  conversion 
efficiency,  as  a  measure  of  the  ability  of  a  tissue  to  generate 

forward  scattered  second-harmonic  radiation-  C^j.  was  defined  as  the 
ratio  of  the  oscilloscope  pulse  height  (second-harmonic)  to  the 
oscilloscope  pulse  height  (laser) ,  recorded  with  the  apparatus 
shown  in  Fig.  4.1. 

In  this  discussion  we  will  consider  that  there  are  three  possible 
mechanisms  by  which  the  forward  conversion  efficiency,  of 

tendons  and  corneas  could  have  been  altered  when  the  collagen  phase 
transformation  occurred.  These  three  mechanisms  are: 

1.  Light  scattering  increased  in  the  tissue 

2.  The  nonlinear  polarizability,  8,  of  the  nonlinear  oscillators 
of  collagen  decreased 

3.  The  mechanism  for  second-harmonic  generation  changed  from 
coherent  to  incoherent  second-harmonic  generation  (Chapter  2) . 

Let  us  consider  the  first  mechanism  -  the  effects  of  light  scat¬ 
tering  on  the  forward  conversion  efficiency, 

If  light  scattering  at  the  fundamental  wavelength  were  Increased, 
then  the  average  intensity  of  the  fundamental,  in  the  collagenous 
tissue  discussed,  would  decrease.  A  reduction  in  the  fundamental 
intensity  would  decrease  the  conversion  efficiency  for  either  coherent 
or  incoherent  second-harmonic  generation.  If  light  scattering  at  347nm 


increased,  Chen  a  beam  of  coherent  second-harmonic  radiation  might  be 
broadened  beyond  the  collection  angle  of  lens  B  in  Fig.  4.1.  This 
would  lower  the  relative  conversion  efficiency  which  is  based 

on  oscilloscope  pulse  heights.  Both  of  these  arguments  can  be  re¬ 
versed  to  show  that  C^p.  could  increase  if  light  scattering  decreased. 

In  our  experimental  work,  we  used  measurements  of  spectrophotometric 
transmission  and  visual  examination  as  a  qualitative  means  of  deter¬ 
mining  when  light  scattering  had  Increased  or  decreased  in  tendons 
and  corneas.  In  hydrated  corneas, our  spectrophotometric  measurements 
were  limited  to  347nm  alone.  (The  time  required  to  readjust  the  single 
beam  spectrophotometer  to  monitor  other  wavelengths  and  obtain  several 
measurements  at  each  wavelength  would  have  been  sufficiently  long  that 
undesirable  changes  in  the  level  of  tissue  hydration  might  have  occurred) . 
Since  short  wavelength  scattering  was  predominant  in  hydrated  corneas, 
a  given  change  in  347nm  transmission  was  expected  to  be  accompanied  by 
a  smaller  change  in  694nm  transmission.  This  supposition  was  found  to 
be  correct  in  tendon  where  measurements  were  carried  out  at  347nm  and 
694nm. 

Tables  1  and  2  summarize  our  observations  of  optical  transmission 
and  relative  forward  conversion  efficiency  C__.  We  shall  first  con- 
slder  the  tendon  data  in  Table  1.  Following  heating  in  water  below 
60*C,  it  was  found  chat  moist  tendons  had  very  low  347nm  and  694nm 
transmission.  Drying  these  tendons  resulted  in  an  increase  in  optical 


transmission  at  347nm  and  694nm,  and  also  rasulted  in  a  corresponding 

increase  in  Cu__.  These  increases  were  completely  reversed  when  the 
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tendons  were  rehydrated.  Following  heating  in  water  above  60*C 
(above  the  contraction  temperature)  it  was  found  that  the  347na  and 
694nm  transmission  of  moist  tendon  was  relatively  high.  Drying  these 
tendons  resulted  in  a  further  increase  in  transmission.  Despite  these 
Increases  in  transmission,  it  was  observed  the  decreased  above 

60  *C. 

Now  consider  Table  2  which  summarizes  the  data  for  corneas.  When 
corneas  were  hydrated  in  a  water  bath  below  the  contraction  temperature, 
the  347nm  transmission  and  C^p  decreased.  Drying  these  corneas  re¬ 
versed  the  above  changes.  When  corneas  were  heated  in  a  water  bath 
above  the  contraction  temperature,  both  the  347nm  transmission  and 
C^gp  decreased  relative  to  fresh  non-hydrated  corneas  at  20*C.  When 
these  corneas  were  dried,  the  above  changes  were  not  reversed. 

A  second  set  of  cornea  experiments  were  also  carried  out.  In 
these  studies,  the  347nm  transmission  was  "adjusted"  to  17 7.  following 
each  water  bath  heating  step.  In  this  case,  the  value  of  C.__  was 
constant  below  the  contraction  temperature  but  decreased  by  about  an 
order  of  magnitude  above  the  contraction  temperature. 

We  believe  that,  below  60*C,  C^p  was  affected  mainly  by  changes 
in  light  transmission  in  both  tendons  and  corneas.  Decreases  In  light 
transmission  were  probably  the  result  of  Increases  in  light  scattering 


and  vice  verse.  On  chis  bests,  increesed  light  scettering  reduced 

end  decreesed  light  scettering  reised  C^p.  These  results  ere 
consistent  with  our  previous  interpretetion  of  the  effect  of  light 
scettering  changes,  per  se,  on  the  forward  conversion  efficiency. 

The  decreese  in  C^p  thet  eccompenied  the  collegen  phese  trens- 
formetion  (Tebles  1  end  2)  ves  not  due  to  en  increese  in  light  scst- 
tering.  For  example,  tendon  thet  hed  been  dried  efter  heeting  ebove 
the  collegen  phese  trensformetion  tempereture  hed  the  highest  opticel 
transmission  end  also  appeared  to  have  the  most  regular  surfaces  and 
the  clearest  interior  on  visual  examination  (Table  1).  Therefore,  if 
light  scettering  along  effected  C^p,  it  would  have  been  expected  to 
have  the  lowest  light  scattering  and  the  highest  conversion  efficiency; 
however,  C^p  actually  decreased  markedly  in  comparison  to  tendon  chat 
had  been  dried  after  heating  below  the  collagen  phase  transformation 
temperature  (Table  1) .  We  believe  that  this  decrease  in  CUB_  that 
was  observed  above  the  collagen  phase  transformation  temperature  was 
not  related  to  (increased)  light  scattering,  but  may  have  been  related 
to  changes  in  certain  nonlinear  properties  of  the  tissue  (mechanisms 
2  and  3). 

The  conclusion  that  the  decrease  in  C^^vas  noc  associated  with 
Increased  light  scattering  was  supported  by  our  results  from  the  cornea. 
In  our  corneal  studies  it  was  found  necessary  to  adjust  the  hydration 
of  the  tissue  after  each  heating  step  in  order  to  maintain  a  constant 
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347nm  transmission  (17X)  at  each  irradiation  step  (Table  2).  With 
the  347nn  transmission  constant,  the  forward  conversion  efficiency 
decreased  markedly  after  heating  the  cornea  above  the  collagen  phase 
transformation  temperature  (Table  2).  If  the  347nm  transmission  was, 
indeed,  a  measure  of  light  scattering  changes,  and  if  light  scattering 
changes  alone  affected  Chen  we  would  have  expected  C^p  to  be 

constant  when  the  347nm  transmission  was  constant.  The  fact  that  C^p 
decreased  after  the  cornea  had  been  heated  above  the  collagen  phase 
transformation  temperature  (while  light  scattering  was  expected  to  be 
constant  as  measured  by  the  347nm  transmission)  indicated  that 
was  affected  by  a  mechanism  other  than  light  scattering  changes.  The 
decrease  in  may  have  been  caused  by  changes  in  certain  nonlinear 

properties  of  the  cornea  (mechanisms  2  and  3) . 

There  were  a  number  of  other  combinations  of  hydration  and 
temperature  history  for  which  changes  in  C„__  were  observed  in  both 
tendons  and  corneas.  In  these  cases  one  could  not  separate  the  effects 
of  light  scattering  on  C.__  from  the  possible  effects  of  changes  in  the 

M AT 

nonlinear  properties  of  the  tissue  (Tables  1  and  2). 

In  summary,  then,  we  have  presented  evidence  that  a  mechanism 
other  than  changes  in  the  light  scattering  properties  of  tendons  and 
corneas  could  be  responsible  for  the  observed  decrease  in  C__  near 
the  collagen  phase  transformation  temperature.  While  there  are  a 
number  of  tissue  optical  properties  that  may  change  near  this 
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temperature,  we  believe  thee  it  is  important  that  we  examine  two 
specific  nonlinear  optical  properties  for  changes  that  could  lower 
These  changes  were  stated  previously  as  mechanisms  2  and  3. 

For  convenience  they  are  restated  again  below. 

mechanism  2.  The  nonlinear  polarizability,  S,  of  the  micro¬ 
scopic  subunits  of  the  collagen  molecule  might 
have  been  reduced  by  the  collagen  phase  trans¬ 
formation. 

mechanism  3.  The  mechanism  for  second-harmonic  generation 

changed  from  coherent  to  incoherent  second-harmonic 
generation  (Chapter  2). 

Ue  shall  begin  our  discussion  of  mechanism  2  by  identifying  the 
microscopic  subunits  of  the  collagen  molecule  that  may  be  Important 
for  second-harmonic  generation  at  347nm.  An  Important  subunit  will 
be  one  that  has  a  relatively  large  (second-order)  nonlinear  polariza¬ 
bility,  S  (w,  2<j)  ,  where  w  corresponds  to  the  ruby  laser  frequency 
(<u  «  2.7  x  10^  rad/sec). 

A  large  molecule* like  collagen* contains  many  subunits.  Each  sub¬ 
unit  in  turn  may  behave  like  a  quantum  mechanical  system  with  several 
electronic  energy  transitions  corresponding  to  optical  photon  energies 

hu  .  In  a  linear  classical  model  of  a  dipole  oscillator,  each  of  these 
J 

transitions  is  analyzed  as  an  independent  damped  harmonic  oscillator 
with  resonant  frequency  ojj,  oscillator  strength  fJt  and  bandwidth  Tj. 
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In  the  case  of  a  nonlinaar  noncentrosymmetric  restoring  force,  the 

2 

damped  anharmonic  oscillator  with  quadratic  restoring  fores 
is  often  used  to  model  the  corresponding  quantum  mechanical  transition. 
In  the  anharmonic  restoring  force, m  is  the  electron  mass,  is  the 
anharmonic  coefficient  and  X  is  the  oscillator  displacement.  This 
nonlinear  oscillator  model  can  be  used  to  describe  second-harmonic 
generation  (Chapter  2) . 

Each  anharmonic  oscillator  contributes  an  amount 
m,2m)  to  the  overall  second-order  nonlinear  polarizability,  3(m,  2u>) , 
of  the  subunit  (Chapter  2,  Section  2.4).  Thus: 

N 

6(u,  2m)  -  J  Sj^j,  rjt  fJt  nj;  m,  2m)  (2) 


where 


8.  “ 


2  ,  2  2 

m  (w  —  u 

J 


4m  -  2JTj  m) 

(3) 


(e  is  the  charge  of  the  electron  and  m  Is  the  mass  of  the  electron. 
The  equations  are  in  terms  of  Guassian  cgs  units  (Chapter  2,  Appendix 
A). 


From  Eqs.  2  and  3,  it  can  be  seen  that  strong  oscillator  resonances 
near  w  or  2u  make  the  greatest  contribution  to  S(m,  2m).  For  the  ruby 
laser,  u  is  the  frequency  of  "deep  red"  radiation  (X  •  694. 3nm, 


u>  •  2.7  x  10*^  rad/sec)  and  2ui  la  a  "middle  ultraviolet"  frequency 
(A/2  ■  347. 2nm,  2uj  •  5.4  x  10^  rad/sec).  Therefore,  one  would  ex¬ 
pect  that  strong  ultraviolet  absorption  bands  and  strong  visible  and 
near  infrared  absorption  bands  could  have  the  greatest  effect  on  8. 
This,  of  course,  presupposes  that  these  bands  correspond  to  non- 
centrosyaanetric  anharmonic  oscillator  resonances. 

For  collagen,  most  of  the  readily  available  spectroscopy  litera¬ 
ture  deals  with  ultraviolet  spectra  between  180nm  and  320nm.  For 
example,  a  standard  handbook  of  visible  and  ultraviolet  spectra  of 
proteins  gives  the  optical  density  of  corneal  collagen  solutions  only 
up  to  320nm  of  wavelength  in  the  ultraviolet,  and  does  not  show  a  near 
ultraviolet  or  visible  spectrum  (Kirschenbaum,  1972,  p.  59).  Based  on 
other  entries  in  this  handbook,  this  is  indicative  of  there  being  no 
known  absorption  bands  in  these  latter  regions.  We  have  found  no  ab¬ 
sorption  bands  in  concentrated  solutions  of  rat-tail  tendon  collagen 
in  HC1  over  the  wavelength  range  400nm-700nm.  While  very  thick  and 
viscous,  these  solutions  are  extremely  clear  to  the  unaided  eye.  Ac¬ 
cording  to  measurements  made  by  Langham,  the  rabbit  cornea,  which  con¬ 
tains  132  collagen  by  weight,  is  quite  transparent  from  350na  to  900nn 
with  no  evidence  of  absorption  bands  in  this  region  (Hart  and  Farrell, 
1968,  Fig.  4).  The  transparency  of  the  cornea  decreases  sharply  at 
wavelengths  between  350nm  and  300nm,  but  this  is  mainly  due  to  scat¬ 
tering  (Hart  and  Farrell,  1969).  There  are  absorption  bands  for  the 
cornea  between  900nm  and  1.4y,  however,  these  are  similar  to  those 
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for  water  (Ham  ec  al,  1966,  p.  518)  and  may  not  be  associated  with 
collagen  per  se.  Based  on  the  above  information,  it  appears  that 
there  are  no  oscillator  resonances  in  collagen  near  the  fundamental 
frequency  of  the  ruby  laser. 

There  are  oscillator  resonances  in  collagen  that  are  relatively 
near  the  second-harmonic  frequency  of  the  ruby  laser.  For  example, 
the  strongest  absorption  peak  that  has  been  identified  with  collagen 
lies  at  190nm  (Gratzer  et  al,  1963).  Some  references  show  a  much 
weaker  absorption  peak  between  280nm  and  290nm  (Kirschenbaum,  1972, 
p.  59).  The  height  of  this  peak  depends  upon  the  history  of  the  col¬ 
lagen,  and  the  peak  has  been  shown  to  virtually  disappear  when  the 
collagen  preparation  has  been  carefully  purified  (VanWinkle,  1954). 

We  shall  neglect  this  peak  in  our  analysis  of  collagen. 

The  190nm  peak  in  collagen  is  associated  with  the  peptide  subunit 
(Gratzer  et  al,  1963).  The  peptide  subunit  is  a  link  appearing  be¬ 
tween  each  amino  acid  subunit  on  a  given  protein  polypeptide  chain. 

In  proteins  that  form  a-helices,  there  are  other  observable  peaks 
associated  with  the  peptide  subunit.  In  these  instances  the  peptide 
band  is  split  into  a  190nm  peak  (strong),  a  150nm  (slightly  weaker), 
20Qnm  (very  weak),  and  165nm  (weak)  (Wetlaufer,  1962,  p.  329).  This 
band  splitting  has  not  been  observed  in  the  poly-L-proline  II  helix 
which  is  not  an  3-helical  polypeptide  (Gratzer  et  al,  1963  p.  325). 

The  collagen  helix  is  thought  to  be  similar  to  that  of  poly-L-proline 
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II  (Gratzer  et  al,  1963,  p.  320).  Gratzer  does  noc  show  any  band 
splitting  of  the  190nm  peak  in  his  collagen  spectra  (Gratzer  et  al, 
1963,  Fig.  3).  If  there  was  any  band-splitting  it  may  not  have  been 
resolved  in  Gratzer's  experiments.  We  shall  assume  that  the  190nm 
peak  is  the  only  resonance  for  the  peptide  link  in  collagen. 

There  does  not  appear  to  have  been  any  reported  studies  of  col¬ 
lagen  absorption  spectra  at  wavelengths  shorter  than  about  185nm. 

This  is  not  surprising  in  view  of  the  difficulties  encountered  In 
obtaining  transparent  diluents  for  proteins  at  these  short  wavelengths. 
Some  studies  have  been  performed  at  short  wavelengths  on  the  amino 
acids  that  can  be  found  in  collagen.  In  a  review  article  by  Yannas, 
he  stated  that  while  there  are  possibly  as  many  as  18  different  amino 
acids  in  human  tendon  collagen  (Yannas,  1972,  p.  46)  only  a  few  are 
present  in  significant  anounts.  In  terms  of  the  approximate  number 
of  residues  per  1000  total  residues,  there  are  111  alanine  residues, 

324  glycine  residues,  126  proline  residues,  92  hydroxyproline  residues, 
72  glutamic  acid  residues,  and  275  miscellaneous  residues  in  human 
tendon  collagen  (Yannas,  1972,  p.  46).  The  absorption  peaks  of  the 
amino  acids  that  appear  in  significant  numbers  in  collagen  appear  to 
lie  at  wavelengths  shorter  than  185nm  in  the  spectra  shown  by  Wetlaufer 
(Wetlaufer,  1962).  The  exact  location  of  all  these  peaks  may  be  as 
yet  unknown.  While  absorption  by  these  amino  acids  seems  to  be  strong, 
Gratzer  et  al  have  calculated  that,  at  190nm,  only  17%  of  the  observed 
absorption  is  due  to  amino  acids,  while  83%  of  the  absorption  is  due 
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Co  the  peptide  bond  (Gratzer  et  al,  1963,  p.  326).  This  may  indicate 
chat  the  significant  collagen  amino  acid  peaks  lie  at  wavelengths 
that  are  much  shorter  than  190nm  and  therefore  may  not  be  significant 
to  second-harmonic  generation  at  347nm. 

A  number  of  amino  acid  crystals  including  alanine,  proline, 
hydroxyproline,  and  glutamic  acid  have  been  shown  to  generate  the 
second-harmonic  of  ruby  laser  radiation  (Reickoff  and  Peticolas, 

1965).  Glycine  is  an  exception  that  will  be  discussed  later.  Second- 
harmonic  generation  by  peptide  links  has  not  yet  been  definitively 
demonstrated  although  poly-glycine  may  be  useful  for  this  purpose. 

We  shall  show  evidence  chat  Che  peptide  link  oscillator  in  collagen 
is  bound  by  a  non-centrosymmetric  restoring  force.  According  to  the 
scalar  model  of  Chapter  2,  second-harmonic  dipole  moments  can  occur 
in  non-centrosymmetrically  bound  oscillators. 

The  evidence  for  the  non-centrosymmetry  of  the  collagen  peptide 
link  is  contained  in  studies  of  the  optical  activity  of  collagen 
solutions.  In  optically  active  media,  one  can  consider  that  a  plane 
polarized  incident  wave  is  decomposed  into  right-handed  and  left-handed 
circularly  polarized  waves  in  the  medium.  The  right-handed  wave 
travels  with  a  phase  velocity  c/n  and  the  left-handed  wave  travels 
with  a  phase  velocity  c/n^  in  the  medium,  where  nR  and  n^  are  the 
refractive  indices  of  right-handed  and  left-handed  waves  respectively. 
The  medium  can  be  isotropic  (eg.  liquid);  in  which  case  these  phase 
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velocities  are  Independent  of  the  original  incident  wave  polarization 
direction  and  propagation  direction.  In  anisotropic  media  the  inci¬ 
dent  wave  is  decomposed  into  elliptically  polarized  waves,  where  the 
ellipticity  is  direction  sensitive.  We  shall  only  consider  isotropic 
liquid  media.  The  rotation  of  the  incident  wave  polarization  is  a 
result  of  the  difference  in  phase  velocities  of  the  circularly 
polarized  waves.  The  specific  rotatory  power  of  the  liquid  [a]  is 

defined  by  [a]  ■  a/Lc' ;  where  a  is  the  net  angular  rotation  of  the 

plane  of  polarization  in  degrees,  L  is  the  distance  travelled  in  the 
liquid  in  decimeters,  and  c*  is  the  concentration  of  optically  active 
solute  in  gms  per  ml  (Urnes  and  Doty,  1961,  p.  405).  The  specific 
rotatory  power  is  wavelength  dependent.  This  dependency  is  called 
optical  rotatory  dispersion. 

For  a  molecule  to  produce  optical  activity  in  liquid  solution, 
it  is  necessary  that  it  be  both  non-centrosymmetric  and  lacking  in  a 
plane  of  symmetry  (Sommerfeld,  1964,  p.  164).  Condon,  Altar,  and 

Eyring  have  shown  chat  optical  activity  can  be  modeled  by  assuming  a 

single  dipole  oscillator  moving  in  a  force  field  having  these  same 
unsymnetrical  characteristics  (Condon  et  al,  1937;  Glasstone,  1946, 
p.  608).  Some  previous  models  had  been  based  on  coupled  dipole 
oscillators  (Glasstone,  1946,  pp.  607-608).  In  Chapter  2,  it  was 
shown  that  when  a  dipole  oscillator  moves  under  the  influence  of  a 
non-centrosymmetric  restoring  force,  then  it  is  possible  to  produce 
a  second-harmonic  dipole  moment  in  that  oscillator.  Since  the 
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oscillators  responsible  for  optical  activity  move  under  the  influence 
of  non-centrosyrametric  restoring  forces,  then  it  should  be  possible 
for  these  oscillators  to  have  second-harmonic  dipole  moments  and 
produce  second-harmonic  radiation. 

In  optically  active  media,  Che  specific  rotatory  power  [a]  in¬ 
creases  markedly  when  Che  wavelength  of  the  incident  radiation 
approaches  the  absorption  band  of  an  oscillator  that  participates  in 
optical  activity.  In  some  materials,  where  absorption  is  weak  enough, 
one  can  explore  optical  activity  within  an  absorption  band.  Sometimes, 
when  this  is  done,  one  observes  a  maximum  in  rotation  near  the  band, 
then  a  decrease  to  zero  rotation  within  the  band,  and  finally  an 
increase  to  a  second  maximum  of  rotation  in  the  opposite  sense  on 
the  other  side  of  the  band.  The  general  name  of  Cotton  effect  is 
applied  to  these  observations  (Glasstone,  1946,  p.  605).  According 
to  Glasstone, the  angle  of  rotation  becomes  zero  and  is  reversed  in 
sign  in  an  absorption  band  only  when  the  oscillator  producing  that 
band  is  the  sole,  or  by  far  the  most  important,  contributor  to  the 
total  observed  optical  activity  (Glasstone,  1946,  p.  606).  When  this 
is  not  the  case,  the  dispersion  curve  does  not  pass  through  a  zero  of 
rotation  but  does  show  an  inflection  point.  This  is  due  to  a 
steadily  increasing  or  decreasing  contribution  from  another  oscillator 
added  to  that  of  the  absorption  band  under  consideration  (Glasstone, 
1946,  p.  606). 
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Collagen  solutions  have  been  shown  to  be  optically  active  (Blout 
et  al,  1963).  A  large  Cotton  effect  has  been  observed  at  195nm 
(Blout  et  al,  1963,  p.  645),  which  is  within  the  190na  absorption  band 
of  the  collagen  peptide  link  (Gratzer  et  al,  1963,  Fig.  5).  According 
to  the  above  discussion,  this  indicates  that  the  190nm  peptide  band 
is  the  sole,  or  by  far  the  most  important,  contributor  to  optical 
activity  that  has  been  observed  in  collagen.  The  amino  acid  oscil¬ 
lators,  which  have  shorter  wavelength  absorption  bands,  do  not  signi¬ 
ficantly  contribute  to  the  observed  optical  activity  of  collagen  ac¬ 
cording  to  the  interpretation  that  we  have  adopted  from  Glasstone. 
Furthermore,  according  to  the  previous  discussion  of  optical  activity, 
the  peptide  link  oscillator  in  collagen  is  bound  by  a  restoring  force 
that  is  non-centrosymmetric  for  most  directions  of  oscillation.  This 
discussion  indicates  that  the  collagen  peptide  link  oscillator  is 
capable  of  optical  second-harmonic  generation.  Conformational  changes 
in  collagen  may  affect  the  second-harmonic  generation  properties  of 
the  peptide  link. 

With  present  day  information  it  is  not  possible  to  determine 
whether  all  of  the  amino  acid  oscillators  of  collagen  have  larger 
or  smaller  values  of  3  than  the  peptide  link  for  second-harmonic 
oscillations  induced  by  a  ruby  laser.  The  missing  values  of  f^,  F  ,, 
u  ,  and  ft  for  the  amino  acids  would  be  required  for  this  determination 

•J  J 

(some  of  these  values  are  available  for  the  peptide  link). 
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For  chc  purposes  of  che  remainder  of  chis  discussion  we  will 
assume  chac  che  amino  acid  oscillacors  of  collagen  have  much  smaller 
polarizabilities ,  8,  chan  che  pepcide  link  ac  Che  second-harmonic 
frequency  of  che  ruby  laser.  This  assumpeion  is  loosely  based  firsc 
on  che  observacion  chac  che  190nm  pepcide  link  absorption  band  is 
closer  co  che  ruby  laser  second-harmonic  wavelengch  chan  che  amino 
add  absorption  bands.  A  second  basis  is  chac  glycine,  which  is  a 
cent  rosy  time  trie  molecule,  constlcuces  approximately  332  of  che  amino 
acid  concenc  of  che  collagen  macromolecule  (Yannas,  1972,  p.  46). 

Being  cencrosymmecric,  che  glycine  8  should  be  zero.  This  has  been 
partially  confirmed  by  Reickhoff  and  Petlcolas  (Relckhoff  and  Pecicolas, 
1965),  who  observed  very  low  levels  of  second-harmonic  radiation  from 
crystalline  glycine  compared  to  other  crystalline  amino  acid  prepar¬ 
ations.  We  have  performed  similar  experiments  with  glycine  and  have 
observed  no  detectable  second-harmonic  radiation  (see  Chapter  4) . 

Peptide  links  should  therefore  outnumber  Che  amino  acid  subunits  chac 
can  yield  second-harmonic  radiation  in  a  given  collagen  molecule. 

In  summary,  Chen,  there  are  several  optical  frequency  resonances 
in  che  far  ultraviolec  and  vacuum  ultraviolet  chac  are  associated 
with  the  pepcide  links  and  amino  acids  of  collagen.  Some  of  these 
resonances  appear  to  be  relatively  far  removed  from  the  ruby  laser 
second-harmonic  frequency.  One  resonance,  che  190nm  absorption  band 
of  che  peptide  link,  appears  to  be  both  sufficiently  strong  and 
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sufficiently  close  to  the  ruby  laser  second-harmonic  to  malte  a  major 
contribution  to  the  second-order  polarizability  8(w,  2u) . 

For  the  remainder  of  this  discussion,  we  will  assume  that  the 
peptide  link  is  the  only  subunit  and  that  the  190nm  transition  repre¬ 
sents  the  only  oscillator  that  contributes  to  8(w,  2u)  in  collagen 
where  u>  is  the  ruby  laser  frequency.  Equation  2,  in  this  case,  is 
reduced  to  one  term: 

8<w,  2cj)  -  8?(Up,  rp,  fp,  fly ;  u  ,  2w)  (4) 

where  the  subscript  "P"  stands  for  the  190nm  peptide  resonance  and 
w  is  the  ruby  laser  frequency. 

We  now  wish  to  determine  whether  Bp(w,  2u>)  given  by  Eq.  4  changes 
during  the  collagen  phase  transformation.  We  note  that  6p  depends  on 
a  number  of  properties  such  as  fp,  and  Tp  that  affect  linear  as 
well  as  nonlinear  interactions.  Therefore,  changes  in  ajp,  fp,  and 
rp  that  occur  during  the  collagen  phase  transformation  should  be 
evident  from  the  ordinary  linear  spectroscopy  of  the  peptide  link. 

Such  spectroscopy  has  been  performed  by  Wood  (Wood,  1963)  in  the  range 
185nm  to  230nm  for  collagen  molecule  solutions  at  temperatures  that 
ranged  from  below  to  above  the  collagen  phase  transformation  temperature. 
He  observed  a  slight  temperature  broadening  of  the  190nm  band,  a  slight 
3%)  increase  in  the  extinction  at  190nm,  no  apparent  shift  in  the 
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wavelength  position  of  ch«  p«*k  and  a  slight  distortion  of  the  shape 
of  th«  absorption  band.  Wood  baliavss  that  these  changes  in  the  190na 
band  were  produced  by  the  rigid-rod  to  random-coil  conforaational 
change  in  the  collagen  polypeptides  during  the  phase  transformation. 

He  notes  that  these  spectral  changes  are  small  compered  to  those  that 
occur  in  a-helical  proteins  during  thermal  denaturation  (collagen  is 
not  an  a-helical  protein).  It  seeae  reasonable  to  assume  thatujp,  f? 
end  rp  are  invariant  during  the  collagen  phase  transformation  in 
solution.  We  will  extend  this  assumption  to  collagen  in  tissue  as 
well. 

We  have  no  way  of  directly  ascertaining  whether  the  enharmonic 
coefficient  ftp  for  the  peptide  oscillator  in  Eq.  4  changes  during  the 
collagen  phase  transformation.  There  is,  however,  some  indirect 
evidence  that  ftp  may  change.  Blout  et  al  have  observed  a  significant 
reduction  in  the  optical  rotatory  power  of  collagen  solutions  near 
190nm  during  the  collagen  phase  transformation  (Blout  et  al,  1963, 
p.  646).  Since  opclcal  activity  requires  a  lack  of  inversion  center 
and  a  lack  of  any  mirror  planes,  it  is  conceivable  that  the  observed 
changes  in  optical  activity  are  related  to  possible  changes  in  the 
symmetry  properties  of  the  individual  peptide  link  or  the  inter¬ 
relationships  between  the  peptide  links  of  the  molecule.  Changes 
related  to  inversion  symmetry  could  in  turn  affect  ftp,  which  exists 
only  when  there  is  a  lack  of  inversion  symmetry.  There  is  no  clear 
evidence  that  the  specific  rotatory  power  [ot ]  in  collagen  is  related 


240 


Co  ftp,  however,  there  la  e  possibility  of  such  e  relationship  occurring. 
The  exploration  of  this  relationship  is  beyond  the  scope  of  this  dis¬ 
sertation. 

In  summary,  then,  using  spectroscopic  evidence  by  Gratzer  et  al 
and  Wood,  Up,  fp  and  Tp  do  not  appear  to  be  significantly  changed 
during  the  collagen  phase  transformation  (Gratzer  et  al,  1963;  Wood, 
1963).  Insofar  as  these  affect  3(w,  2oj)  for  collagen  we  would  expect 
second-harmonic  generation  to  also  be  unchanged  by  the  collagen  phase 
transformation.  However,  we  have  Indicated  that  it  is  difficult  to 
assess  changes  in  ftp  and,  Indeed,  there  are  some  reasons,  based  on  a 
decreased  Cotton  effect  in  collagen  during  denaturation  (Blout  et  al, 
1963)  to  consider  possible  changes  in  ftp  during  the  collagen  phase 
transformation.  A  reduction  in  ftp  would  reduce  the  second-harmonic 
conversion  efficiency  of  the  peptide  bond  by  reducing  Bp(w,  2w) 

*  (Eq.  3). 

So  far  we  have  considered  two  mechanisms  for  the  observed  re¬ 
duction  in  the  second-harmonic  conversion  efficiency  of  cornea  and 
tendon  after  the  collagen  phase  transformation.  Evidence  was  pre¬ 
sented  to  show  that  mechanism  1  (an  increase  in  light  scattering)  was 

not  a  reasonable  explanation  for  the  reduction  in  C,__.  We  have  seen 

Mxu 

that  there  is  some  possibility  that  S  for  collagen  may  be  reduced 
during  the  phase  transformation  (mechanism  2)  as  a  result  of  a  reduction 
in  ftp  as  discussed  above. 
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Wc  shall  now  consider  mechanism  3  which  involvas  changes  from 
coherent  to  incoherent  second-harmonic  generation.  With  regard  to 
mechanism  3,  if  coherent  second-harmonic  generation  occurs  In  the 
fibers  of  tendons  and  corneas,  then  a  change  In  the  second-order 
dielectric  susceptibility  X2  (Eq-35,  Chapter  2)  for  these  fibers 
will  change  C.__.  If  the  fibers  are  changed  to  an  amorphous  material 
then  X2  will  become  very  small  CXj  *  0  in  an  Ideal  amorphous  material) 
without  any  necessary  change  in  S(w,  2u) . 

In  the  tendon,  the  fibril  sizes  cover  a  broad  range  and  the 
spatial  distribution  of  these  fibrils  is  not  known.  Since  there  is 
not  enough  information  on  the  optical  properties  of  tendon,  calculation 
of  second-harmonic  conversion  efficiency  in  this  tissue  is  difficult. 
Therefore,  calculations  will  be  limited  to  the  cornea  where  optical 
properties  information  is  available. 

As  a  specific  example,  let  us  consider  second-harmonic  generation 
in  a  single  corneal  lamella  from  a  normal  rabbit  eye.  This  lamella 
will  typically  have  the  appearance  of  a  thin  slab  with  length  ^  1cm; 
width  ^  200microns;  and  thickness  ^  2microns  (Chapter  3).  In  the 
cornea,  light  propagates  along  the  direction  of  the  lamella  thickness. 
To  simplify  our  calculations,  we  will  model  this  lamella  as  follows 
(Fig.  7.11): 

1.  The  model  lamella  will  be  an  infinite  slab  (length  *  «, 
width  ■  00 )  with  thickness  ■  2microns. 
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2.  The  model  lamella  has  a  constant  second-order  dielectric 
susceptibility  X2  (Chapter  2). 

3.  X2  is  derived  from  the  spatial  average  number  density  of 
collagen  peptide  bonds  In  the  model  lamella  (See  Appendix  A 
for  details  regarding  this  assumption) . 

4.  Incident  radiations  at  u  and  second-harmonic  radiation  at 
2u>  propagate  as  uniform  plane  waves  along  the  direction  of 
the  model  lamella  thickness . 

5.  At u  and  2oi,  the  refractive  index  and  the  optical  dispersion 
of  the  model  lamella  is  equal  to  that  of  water,  and  is  con¬ 
stant  throughout  the  medium. 

6.  There  is  no  light  scattering  atuand  2u;  and  the  medium  is 
considered  to  be  lossless. 

7.  Since  the  second-harmonic  conversion  efficiency  has  been 
experimentally  determined  to  be  low,  we  shall  assume  no 
attenuation  of  the  incident  beam  at  u  due  to  harmonic 
generation. 

In  Chapter  2  we  have  reviewed  the  results  of  a  coherent  second- 
harmonic  conversion  efficiency  analysis  in  nonlinear  slabs  with 
properties  similar  to  those  assumed  above.  There,  it  was  shown  that 
a  second-harmonic  wave  will  grow  monotonically  from  relatively  in- 
phase  contributions  from  the  oscillating  second-harmonic  polarization 
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over  distances  less  than: 

lcoh  .  »/44o  (5) 

where  X  is  the  vacuus  wavelength  of  the  ruby  laser  (694. 3nm)  and 
An  is  the  dispersion  of  the  medium  between  at  and  2u.  Using  assumption 
5.  that  the  refractive  index  of  the  slab  is  that  of  water,  we  have 
An  •  0.18  (ICT,  Vol.  7,  p.  14).  Therefore,  L  ^  ■  9.6microns  in  the 
model  lamella.  On  this  basis  we  expect  that  a  second -harmonic  wave 
will  grow  monotonically  in  a  2aicron  thickness  model  lamella. 

This  monotonic  growth  of  a  second-harmonic  travelling  wave  will 
not  occur  in  the  model  lamella  if  we  alter  the  model  to  represent  the 
lamella  after  the  collagen  phase  transformation.  To  alter  the  model 
we  need  only  change  assumptions  2  and  3  above.  Assumption  2  is 
replaced  by: 

2a.  The  thermally  transformed  model  lamella  is  amorphous  and 
therefore,  macroscopically  centrosymmetric .  consequently, 
the  second  order  dielectric  susceptibility,  X2*  is  zero 
everywhere . 


This  accounts  for  the  fact  that,  under  ideal  conditions,  the  lamella 
is  converted  to  an  isccropic  random  coil  material  after  the  collagen 
phase  transformation.  This  also  accounts  for  the  fact  that  both  the 
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tensor  and  scalar  second-order  nonlinear  susceptibilities  become  zero 
in  a  centrosyoaecrlc  medium  (Franken  and  Ward,  1963).  In  assumption 
3,  the  spatial  averaging  over  the  peptide  bonds  yields  X2  a  ^  in  the 
amorphous  lamella.  Thus,  assumption  3  is  replaced  by: 

3a.  X2  *  0  in  Che  thermally  transformed  model  lamella. 

With  X2  ■  0.  Che  transformed  model  lamella  cannot  support  a 
macroscopic  second-harmonic  polarization  that  could  act  as  a  source 
for  coherent  second-harmonic  generation.  Therefore,  assuming  this 
polarization  to  be  a  necessary  condition,  coherent  second-harmonic 
generation  will  not  occur  in  the  thermally  transformed  model  lamella. 
(This  does  not  preclude  the  possibility  of  the  occurrence  of  incoherent 
second-harmonic  generation) . 

The  above  changes  in  X2  occur  because  the  peptide  link  oscillators 
are  assumed  to  be  randomly  oriented  in  the  thermally  transformed 
lamella.  The  value  of  3p(u,  2 u)  can  remain  unchanged  during  the  col¬ 
lagen  phase  transformation.  After  the  collagen  phase  transformation, 
incoherent  second-harmonic  generation  by  the  individual  peptide  links 
may  still  occur.  In  Chapters  2  and  6,  it  was  shown  that  incoherent 
second-iiarmonic  generation  from  amorphous  media  is  an  inherently  weak 
process  with  low  forward  conversion  efficiency. 

If  a  complete  transformation  to  an  amorphous  state  occurred  in  a 
corneal  lamella,  then  we  would  expect  the  forward  conversion  efficiency 
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of  the  transformed  lamella  Co  be  very  low  compared  co  chat  for  our 
model  of  a  normal  lamella,  In  order  Co  make  this  comparison  on  an 
analytical  basis  we  will  need  models  for  boch  Che  normal  and  thermally 
transformed  whole  cornea.  Simple  models  can  be  constructed  for  normal 
and  completely  thermally  transformed  corneas  from  our  models  for  single 
lamellae;  where  transformation  is  not  complete,  analysis  becomes  dif¬ 
ficult. 

We  shall  assume  Chat  coherent  second-harmonic  generation  occurs 
independently  in  each  model  lamella  before  the  collagen  phase  trans¬ 
formation.  Therefore,  Che  total  second-harmonic  energy  generated  by 
the  cornea  will  be  assumed  to  be  the  sum  of  the  energies  generated  by 
each  model  lamella.  The  spacing  between  lamellae  in  real  corneas  may 
be  partially  determined  by  the  presence  of  large  flat  cells,  called 
fibroblasts,  between  the  lamellae.  This  spacing  is  irregular;  there¬ 
fore  there  may  be  only  a  very  low  correlation  in  phase  between  second- 
harmonic  travelling  waves  generated  in  separate  lamellae  (Fig.  7.11). 

In  our  model  we  will  assume  chat  this  correlation  is  zero,  which  leads 
to  the  assumption  of  additive  energies. 

In  Appendix  A  of  this  chapter  we  have  calculated  the  coherent 
forward  power  conversion  efficiency  C^p  for  a  model  cornea  consisting 
of  200  model  lamella.  This  number  of  lamellae  is  based  on  estimates 
by  Maurice  in  the  human  eye  (Maurice,  1969,  p.  297)  (and  estimates 
of  Che  thickness  of  a  particular  moist  rabbit  stroma  Chat  was  used 
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in  one  of  our  studies),  a  2micron  model  lamella  thickness,  and  a  15% 
allowance  for  the  space  occupied  by  cells  between  lamellae  in  the 
stroma.  The  laser  pulse  was  assumed  to  be  a  plane  wave  field  confined 
to  a  uniformly  illuminated  circular  area  2mm  in  diameter.  A  75nsec, 
20mJ  pulse  was  assumed.  The  calculated  value  of  C^p  for  the  whole 
model  cornea  is  (Appendix  A) : 


(CrP)™«a  -  9.8  x  10 
CP  cornea 


-10 


with  an  estimated  peak  error  range  of  plus  or  minus  a  factor  of  30. 

In  Appendix  B  we  have  used  a  simple  model  for  a  whole  cornea, 
after  a  complete  collagen  phase  transformation,  to  estimate  the  in¬ 
coherent  conversion  efficiency.  In  this  model,  we  have  assumed  that 
the  peptide  link  concentration  after  the  phase  transformation  is  the 
same  as  the  spatial  average  concentration  of  peptide  links  in  a 
lamella  before  che  phase  transformation.  The  other  assumptions  re¬ 
garding  scattering  and  uniformity  remain  the  same.  We  have  used  the 
model  presented  in  Chapter  2  to  calculate  C^p  for  incoherent  second- 
harmonic  generation  from  independent,  randomly  oriented  peptide 
oscillators  in  the  transformed  stroma.  The  laser  pulse  was  again 
assumed  to  be  20mJ,  75nsec,  and  confined  to  a  2mm  diameter  beam. 

The  collecting  lens  was  assumed  to  be  as  shown  in  Fig.  4.1.  Based  on 
this  lens,  our  calculated  value  of  the  forward,  incoherent,  power 
conversion  efficiency,  C^pp,  for  a  completely  thermally  transformed 
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cornea  is  (Appendix  B) : 


^IPF5  cornea 


6.9  x  10 


-16 


with  an  estimated  peak  error  range  of  plus  or  minus  a  factor  of  600. 

Let  us  summarize  the  model  cornea  calculations.  The  coherent 

conversion  efficiency  (C„_)  has  been  calculated  as  (C„)  » 

Cr  cornea  CF  cornea 

9.8  x  10  This  conversion  efficiency  is  assumed  to  hold  for  a 

normal,  non-hydrated  cornea  that  is  completely  transparent.  The  in¬ 
coherent  conversion  efficiency  for  radiation  collected  by  lens  B  in 
the  forward  direction  has  been  calculated  as  (CT__)  -  6.9  x  10  ^ 

This  conversion  efficiency  is  assumed  to  hold  for  a  completely  trans¬ 
parent,  completely  thermally  transformed  cornea.  The  forward  con¬ 
version  efficiency  is,  therefore,  predicted  to  decrease  by  a  factor 
2  8 

of  from  10  to  10  when  the  corneal  collagen  is  transformed  to  a 
completely  random  coil  state.  These  calculations  assume  no  change  in 
the  second-harmonic  oscillators  (peptide  bonds) ,  other  than  a  change 
from  perfect  mutual  alignment  to  a  condition  of  randomly  oriented 
independent  oscillators.  This  is  the  underlying  assumption  on  which 
mechanism  3  is  based. 

The  above  calculations  could  not  be  completely  checked  experi¬ 
mentally  because  (CT__)  ■  6.9  x  10  ’  was  too  small  to  be 

IFF  cornea 

measured  with  available  instrumentation.  The  computed  value  of 


(C„)  _ _  ■  9.8  x  10  ^  was  checked  experimentally.  A  fresh  non- 

Cr  cornea 

hydrated  normal  rabbit  cornea  at  2Q°C  was  used  to  obtain  a  value  of 

CMPF’  w^ic^  is  c^e  measured  forward  peak-power  conversion  efficiency. 

(1__  should  agree  with  the  calculation  of  (C„_)  given  above. 

nPF  CP  cornea  s 

Details  of  the  methods  used  to  measure  are  given  in  Appendix  C. 

The  results  of  these  measurements  gave  the  following  range  for 

(C>mJ  : 

MPF  cornea 


l-2  *  10'u  i  V,.«.  i  i°'10 


This  range  is  based  on  estimates  of  peak  measurement  errors. 


The  accompanying  table  shows  the  computed  values  of  (C___)  , 

r  IPF  cornea’ 

(CCP) cornea  md  the  measured  ran8e  for  ^CMPF^ cornea’  ^  estimated 
ranges  of  error  are  also  given. 

Upper  bound  Estimated  Lower  bound 

estimate  mean  estimate 


CHPF 


4.1  x  10 
2.9  x  10 
1.7  x  10 


-13 


-8 


-10 


6.9  x  10-16 
9.8  x  10"10 
9.1  x  10"U 


1.2  x  10 

3.3  x  10 
1.2  x  10 


-18 


-11 


-11 


The  estimated  range  of  measured  conversion  efficiency  of  a  normal 
rabbit  cornea  partly  overlaps  the  estimates  range  of  calculated 
conversion  efficiency  based  on  coherent  second-harmonic  generation 
in  independent  lamellae.  The  lower  limit  of  Che  measured  conversion 


efficiency  (1.2  x  10  is  about  30  times  lower  than  the  highest 

-13 

estimate  of  the  calculated  conversion  efficiency  (4.1  x  10  )  based 

on  incoherent  second-harmonic  generation  from  randomly  oriented 
Independent  peptide  bonds  in  the  cornea.  In  Chapter  6,  it  was  shown 
that  a  distinct  forward  lobe  was  present  in  the  forward  emission  pat¬ 
tern  of  second-harmonic  radiation  from  the  rabbit  cornea.  This  was 
shown  to  be  consistent  with  coherent  second-harmonic  generation  from 
a  crystalline  medium.  The  conversion  efficiency  measurements  and 
the  emission  pattern  measurements  are  not  inconsistent  with  the 
hypothesis  that  optical  second-harmonic  generation  at  347nm  in  freshly 
excised  rabbit  corneas  occurs  much  like  coherent  second-harmonic 
generation  in  crystalline  materials.  Peptide  bonds  in  collagen  may 
be  the  principal  second-harmonic  oscillators,  and  coherent  second- 
harmonic  generation  may  occur  within  individual  lamellae.  It  will 
require  a  substantial  program  of  future  investigation  to  verify  these 
preliminary  hypotheses. 

The  results  of  our  calculations  in  Appendix  B  for  incoherent 
second-harmonic  generation  do  not  agree  with  our  experimental  obser¬ 
vations.  From  Appendix  B  we  calculated  that  if  a  complete  trans¬ 
formation  to  a  random  coil  phase  occurred  in  collagen,  then  the  forward 

2  8 

conversion  efficiency  of  the  rabbit  cornea  should  be  from  10  to  10 
times  lower  than  it  was  before  the  phase  transformation.  We  have 
found  in  practice  that  C  was  only  about  a  factor  of  50  times  lower 
in  hydrated  corneas  that  had  been  heated  above  the  collagen  phase 
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trans formation  when  compared  to  C _  from  fresh  normal  corneas  (Table 

MKf  — 

2) .  The  thermally  transformed  corneas  in  this  comparison  were  turgid 
whereas  the  fresh  corneas  were  not.  Therefore,  light  scattering  dif¬ 
ferences  could  account  for  some  of  the  observed  decrease  in 
When  corneas  with  approximately  the  same  transmission  were  compared 
(Table  2)  it  was  found  that  decreased  by  about  a  factor  of  10 

after  the  collagen  phase  transformation.  Therefore,  our  experimental 
results  indicate  that  C,__  decreased  by  between  one  and  two  orders  of 
magnitude  rather  than  by  from  2  to  8  orders  of  magnitude  during  the 
collagen  phase  transformation  in  corneas. 

The  theoretical  estimate  of  C___  after  the  collagen  phase  trans- 
formation  was  based  partially  on  the  assumption  that  all  of  the  collagen 
molecules  had  been  converted  to  a  random  coil  form  and  that  incoherent 
second-harmonic  generation  predominated.  Our  experimental  results  may 
indicate  that  only  part  of  the  corneal  collagen  was  converted  to  a 
random-coil  form  and  that  the  remaining  collagen  still  produced  signi¬ 
ficant  levels  of  coherent  second-harmonic  generation. 

It  is  possible  that  not  all  of  the  collagen  was  converted  to  a 

random  coil  form.  Let  us  assume  that  Ccp  for  coherent  second-harmonic 

generation  was  affected  only  by  a  decrease  in  the  number  of  aligned 

peptide  bonds  after  the  collagen  phase  transformation.  Since  C  is 

2 

proportional  to  (N  )  ,  where  N  is  taken  to  be  the  number  of 
vpa  vpa 

aligned  peptide  oscillators,  we  can  estimate  for  the  cornea  that  a 
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factor  of  10  decrease  in  could  be  caused  by  about  a  factor  of  3 

decrease  In  II  and  a  factor  of  100  decrease  in  C._  could  be  caused 
vpa  CP 

by  a  factor  of  10  decrease  in  N  .  Therefore,  the  observed  decrease 

vpa 

in  may  have  been  produced  by  a  conversion  of  from  70%  to  90%  of 

the  collagen  molecules  in  the  cornea  to  a  random  coil  form.  The 
unaltered  fraction  of  the  collagen  may  have  been  in  the  form  of 
fibril  regions  that  still  contained  intact,  aligned  collagen  molecules, 
or  contained  unravelled  collagen  polypeptide  chains  that,  due  to  pos¬ 
sible  cross-linking  hinderances,  had  not  assumed  a  random  coil  conform¬ 
ation  but  rather  remained  extended  and  parallel  to  intact  collagen 
molecules.  The  above  calculation  is  not  exact  and  neglects  the  contri¬ 
bution  from  incoherent  second-harmonic  generation. 


Flory  has  pointed  out  that  to  completely  convert  the  collagen 
molecules  of  tissue  fibers  to  a  random  coil  form  it  is  necessary  to 
raise  the  temperature  of  the  fiber  very  slowly  (Flory  and  Garrett, 
1956).  In  his  studies,  fiber  temperatures  were  raised  at  the  rate  of 
approximately  2°C  per  day.  In  these  lengthy  experiments  it  was 
necessary  to  heat  the  fibers  in  ethelyene  glycol  rather  than  in  water 
to  prevent  fiber  decomposition.  We  considered  a  replication  of  Flory' s 
procedures,  but  it  would  have  been  too  time-consuming  and  required 
temperature  control  equipment  that  was  not  at  our  disposal.  As  a 
result,  the  tissues  used  in  our  studies  were  heated  quickly  in  water 
at  rates  of  about  10°C  per  minute.  Although  we  observed  tissue  con¬ 
traction  at  the  temperature  generally  associated  with  the  collagen 


phase  transformation,  it  was  probably  true  that  we  did  not  achieve 
a  complete  transformation  of  the  collagen  to  a  random  coil  phase  as 
indicated  by  Flory. 

According  to  a  recent  review  (Elden,  1968),  Puette  has  suggested 
that  a  complete  transformation  of  collagen  to  a  random  coil  phase 
is  best  detected  by  a  complete  loss  of  fiber  birefringence.  Our 
observation  of  a  residual  birefringence  in  both  corneas  and  tendon 
may  also  have  provided  evidence  that  the  collagen  phase  transformation 
was  not  complete. 

Calculations  for  tendon  have  not  been  presented;  partly  because 
of  the  inherent  difficulties  associated  with  second-harmonic  generation 
calculations  for  a  medium  with  significant  light  scattering  and  ir¬ 
regular  surfaces.  Qualitatively,  it  is  reasonable  to  conclude  that 
coherent  second-harmonic  generation  could  occur  in  local  sites  such  as 
the  fibers  and  fibrils  of  dried  tendon  that  had  not  undergone  a 
collagen  phase  transformation.  After  the  phase  transformation,  the 
conversion  efficiency  of  these  fibers  and  fibrils  could  be  reduced  by 
mechanism  3.  An  improved  method  for  preparing  tendons  for  optical 
studies  must  be  developed  before  quantitative  analyses  are  possible. 

For  example,  immersing  the  tendon  in  an  oil  of  matching  refractive 
index  may  improve  the  optical  quality  at  the  interface. 

To  summarize  our  investigation  of  mechanism  3;  it  appears  that 
coherent  second-harmonic  generation  may  occur  in  corneas  (and  possibly 
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in  cendons)  below  Che  collagen  phase  transformation  temperature,  but 
that  above  this  temperature  a  partial  replacement  of  native  collagen 
by  a  random  coil  phase  of  collagen  can  reduce  the  second-harmonic 
conversion  efficiency  of  the  tissue  fibers.  It  is  difficult  to  say 
whether  the  reduction  in  the  measured  forward  conversion  efficiency, 
Cj^p., occurs  as  a  result  of  a  uniform  decrease  in  the  spatial  average 
number  density  of  the  peptide  bonds  in  a  lamella  or  fiber,  or 
whether  macroscopic  regions  of  the  lamella  or  fiber  remained  intact 
while  other  distinct  regions  became  "100%"  random  coil. 

7.4  Summary  and  conclusions 

After  heating  tendon  and  cornea  in  water  at  approximately  60°C 
(plus  or  minus  about  3°C) ,  we  observed  a  tissue  contraction;  a 
decrease  in  tissue  birefringence;  and  a  decrease  in  light  scattering. 
With  respect  to  the  last  observation,  it  was  noted  that  tendons  be¬ 
came  transparent  relative  to  their  normal  state  and  corneas  became 
transparent  relative  to  their  hydrated  state.  These  changes  can  be 
related  to  a  rigid-rod  to  random-coil  phase  transformation  in  the 
tissue  collagen  which  has  been  described  by  other  investigators.  After 
the  collagen  phase  transformation  in  these  tissues,  we  also  observed 
a  marked  decrease  in  the  second-harmonic  conversion  efficiency,  C^p, 
for  forward  scattered  second-harmonic  radiation. 

Three  possible  mechanisms  for  the  observed  decrease  in  the 

measured  relative  forward  conversion  efficiencv,  C _ ,  were  considered. 

MRF 
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The  firsC,  that  this  was  due  to  Increased  light  scattering,  was  shown 

to  not  be  a  reasonable  explanation.  We  obtained  a  marked  decrease 

in  C  even  when  light  scattering  decreased  after  the  collagen 
MRF 

phase  transformation. 

The  second  possible  mechanism  was  related  to  changes  in  the 
nonlinear  polarizability,  g,  of  each  of  the  nonlinear  oscillators 
of  tendon  and  cornea.  A  literature  review  of  the  linear  optical 
properties  of  collagen  indicated  to  us  that  these  oscillators  may  be 
associated  with  the  190nm  absorption  band  for  the  collagen  peptide 
link.  According  to  a  simple  scalar  model  for  the  peptide  link  second- 
order  nonlinear  polarizability,  gp,  there  are  four  explicit  factors, 
which,  if  changed  during  the  collagen  phase  transformation,  would 
produce  a  change  in  gp.  The  literature  review  indicated  that  three 
factors;  the  oscillator  strength,  linewidth  and  center  frequency  are 
essentially  unchanged  by  the  collagen  phase  transformation.  It  was 
not  possible  to  determine  if  there  are  changes  in  the  fourth  factor, 
the  peptide  oscillator  anharmonic  coefficient,  ft  .  There  is  reason 
to  consider  a  possible  reduction  in  based  on  a  known  decrease  in 
the  Cotton  effect  that  occurs  near  190nm  when  collagen  solutions  are 
thermally  transformed.  Some  of  the  oscillator  properties  that  are 
required  for  a  Cotton  effect,  such  as  a  lack  of  an  inversion  center, 
are  also  required  for  the  anharmonic  coefficient  to  exist  and  second- 
harmonic  generation  to  occur.  Therefore,  a  change  in  the  Cotton  effect 
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may  ba  accompanied  by  a  change  In  Che  requisite  properties  for  second- 
harmonic  generation. 

The  third  mechanism  was  related  to  a  decrease  in  ^  ^ or  collagen 
fibrils  by  virtue  of  a  decrease  in  Che  number  of  aligned  peptide 
oscillators  after  the  collagen  phase  transformation.  In  rabbit  corneas 
that  had  not  been  thermally  transformed,  the  observed  second-harmonic 
generation  more  closely  resembled  the  calculated  characteristics  of 
coherent  second-harmonic  generation  from  crystalline  media  than  it  did 
the  calculated  characteristics  of  second-harmonic  generation  from 
amorphous  media.  Coherent  second-harmonic  generation  should  be  reduced 
when  the  mutual  alignment  of  the  collagen  second-harmonic  oscillators 
is  reduced  during  the  creation  of  the  collagen  random  coil  phase.  This 
would  seem  to  most  easily  explain  the  experimental  result  that  second- 
harmonic  generation  decreased  when  the  collagen  of  cornea  and  tendon 
was  thermally  transformed. 

In  summary  Chen,  three  mechanisms  have  been  considered  for  the 
observed  decrease  in  the  forward  second-harmonic  conversion  efficiency 
after  the  collagen  phase  tranf ormation  in  cornea  and  tendon.  The 
observed  decrease  in  conversion  efficiency  was  probably  not  due  to 
Increased  light  scattering,  which  was  mechanism  one.  Mechanism  two, 
that  changes  occurred  in  the  individual  peptide  oscillators,  could  not 
be  excluded.  The  third  mechanism,  that  coherent  second-harmonic 
generation  was  partly  changed  to  incoherent  second-harmonic  generation 


r 


due  to  decreased  mutual  alignment  of  the  peptide  oscillators,  was 
the  most  ready  explanation  of  the  experimental  results  of  this  chapter 
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APPENDIX  A 


In  this  appendix,  wa  shall  perform  an  analytical  estimate  of  the 
second-harmonic  conversion  efficiency,  C^,  of  a  normal,  fresh, 
rabbit  cornea.  These  computations  are  based  on  the  scalar  model  for 
coherent  second-harmonic  generation  in  a  crystalline  medium  discussed 
in  Chapter  2. 

We  shall  begin  by  computing  the  conversion  efficiency  of  a 
single  model  lamella.  The  following  assumptions  are  also  given  in 
Section  7.4.  We  assume  that: 

1.  The  model  lamella  is  an  infinite  slab  (length  -  width  ■ 

•)  with  thickness  ■  2microns. 

2.  The  model  lamella  has  a  constant  second-order  dielectric 
susceptibility,  (see  Chapter  2  for  definition). 

3.  Xj  is  derived  from  the  spatial  average  number  density  of 
collagen  peptide  bonds  in  the  lamella. 

4.  Radiation  at  ui  and  2u  propagates  as  plane  waves  in  the 
direction  of  the  lamella  thickness. 

5.  At  cj  and  2t*),  the  refractive  index  and  the  optical  dispersion 
of  the  model  lamella  is  equal  to  that  of  water  and  is  constant 
throughout  the  medium. 

6.  There  is  no  light  scattering  at  u  and  and  the  medium  is 


considered  to  be  lossless. 
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7.  Since  the  second-harmonic  conversion  efficiency  has  been 
experimentally  determined  to  be  low,  we  shall  assume  no 
attenuation  of  the  incident  beam  at  w  due  to  harmonic 
generation. 

We  will  first  compute  the  spatial  average  number  density  of  peptide 
bonds,  in  a  typical  lamella.  We  will  then  obtain  a  scalar  estimate 
of  Bp  (see  Eq.  10  for  definition)  for  the  collagen  peptide  bond.  Using 
an  approximate  Lorentz  correction  factor  we  shall  then  evaluate  X  £  ^or 
the  model  lamella.  With  this  value  of  X£  we  shall  go  on  to  find  the 
coherent  forward  conversion  efficiency  of  a  single  lamella. 

To  find  the  coherent  forward  conversion  efficiency  of  whole 
cornea  we  shall  use  the  following  model. 

8.  The  model  lamellae  are  arranged  in  a  stacked  series  with 
irregular  spacing. 

9.  Each  lamella  in  the  stroma  is  identical. 

10.  Only  the  stroma  contributes  to  second-harmonic  generation. 

11.  Each  lamella  acts  as  an  independent  source  of  second-harmonic 
radiation. 

We  shall  assume  that  the  total  second-harmonic  energy  from  the  cornea 
is  the  sum  of  the  energies  from  the  individual  lamellae.  The  energy 
from  a  single  lamella  will  be  computed  from  the  scalar  model  given  in 
Chapter  2. 
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a.  Number  density  of  peptide  oscillators  (Fig.  7.12) 

The  fundamental  screw  translation  period  along  the  long  axis  of 

O 

the  collagen  molecule  is  2.8A  (Rich,  1959,  p.  59).  Within  this  period 
there  are  three  amino  acid  residues  on  separate  collagen  chains  and 
three  peptide  bonds.  The  dimensions  of  this  cylindrical  subunit  are: 

o  o 

diameter  ■  14a  (diameter  of  collagen  molecule)  and  height  *  2.8A 
(one  screw  translational  period) .  Consider  an  average  correal  col¬ 
lagen  fibril  in  man  with  diameter  with  260A  (Maurice,  1969,  p.  299). 
Assume  that  the  collagen  molecules  are  arranged  as  a  hexagonal  close- 
packed  bundle  of  cylinders,  within  this  fibril  (Fig.  7.12). 

There  are  then  approximately  250  collagen  molecules  and  hence 

about  250  cylindrical  subunits  in  a  given  cross-section  of  the  fibril. 

The  number  of  cylindrical  subunits  per  unit  volume  of  a  typical 

fibril,  N  ,  is  then: 
vc 

N  -  -150_ 

VC  AF  LC 

where  A^  ■  cross-sectional  area  of  fibril  (  £  x  [260  x  10~®  cm]2) 

O 

and  Lc  -  the  length  of  the  cylindrical  unit  (2.8A  ).  We  can  then 
compute 


N  «  1.68  x  1021  cylindrical  units/cra2 


260 


There  ere  Chree  peptide  bonds  per  cylindrical  unit,  therefore 

II  .  the  number  of  peptide  bonds  per  unit  volume  of  the  fibril  is: 
VPF 

Nypp  -  5.05  x  1021  peptide  bonds/cm^ 

Collagen  fibrils  occupy  approximately  20Z  of  the  total  volume 
of  a  lamella  (Maurice,  1969,  p.  316).  Therefore  we  shall  assume  that 
the  average  density  of  peptide  bonds  per  unit  volume  of  a  lamella  is, 
NypL  *  0.20  Nypg,  or: 

“  10  peptide  bonds/cm 

b.  Lorentz  correction  factors 

We  will  assume  that  the  refractive  index  of  a  fibril  is  1.5 
(Maurice,  1969)  at  both  the  fundamental  second -harmonic  frequencies 
for  the  purposes  of  computing  the  Lorentz  correction  factors  (Chapter 
2).  Then  both  L(2u)  and  L(w)  can  be  approximated  by 

L  -  +  2  -  1.42 

3 


and: 


2.84 


c.  Pepcide  link  polarizability 


The  scalar  polarizability  of  the  peptide  link  3p  will  be  calcu¬ 
lated  from  Eqs.  (26),  (31)  and  (34)  of  Chapter  2: 

,  2  3  n 

s  -  fP  e  flP  1 
P  m2  Dp2  (oj)  Dp(2w) 

2  2 

Dp(oo)  -  o»p  -  oj  -  jTp  a) 

Dp(2w)  -  ojp2  -  4ui2  -  2jr?  u 


The  factors  Dp(ai)  and  Dp(2ui)  are  complex  numbers.  The  following 
table  compares  the  real  and  imaginary  parts  of  these  factors  when 
(Up  -  9.9  x  10»  rad/sec  which  is  the  center  frequency  of  190nm 
peptide  band;  u  is  the  ruby  laser  frequency  which  is  u  *  2.7  x  lO1"* 
rad/sec;  and  Tp  is  the  bandwidth  of  the  190nm  peptide  resonance 
which  is  Tp  *  1.6  x  10^  rad/sec  (estimated  bandwidth  of  30nm  from 
Gratzer  et  al,  1963,  Fig.  5).  The  entries  in  the  third  column  show 
that  the  imaginary  part  of  the  Dp  factors  is  small  compared  to  the 
real  part.  We  shall  therefore  retain  only  the  real  part  as  an 
approximation  to  the  Dp  factors  when  computing  Sp. 
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of  Chapcer  2: 


X2  "  NVPL  L  (<J)  L(2U) 


This  equation  is  only  an  approximation.  The  limitations  of  its  use 
are  discussed  in  Chapter  2,  Section  1.7.  From  our  prior  results  for 
^VPL’  k(w)»  L(2gj)  and  8p  we  obtain 


X2  -  4.26  x  10-10  cm^2  erg-1^2 


e.  C^p  for  a  single  model  lamella 

In  Chapter  2,  Section  1.7  we  obtained  the  following  expression 
for  the  coherent  second-harmonic  power  conversion  efficiency  for  a 
uniform  nonlinear  slab  of  thickness  L: 


C  w  f  64ff3  k22  X2  A2  . .  sin2  Ak  L/2  . 

CP  1  <  .  2  4  ..2  ' 

c  Ak 


where  is  the  laser  peak  power,  V-2  *s  the  second-harmonic  wave 
vector  in  air,  is  the  second-order  susceptibility,  A£  is  the 
cross-sectional  area  of  the  second-harmonic  beam,  is  the  cross- 
sectional  area  of  the  laser  beam,  c  is  the  speed  of  light  in  vacuum, 
n 2  is  the  refractive  index  at  the  second-harmonic  wavelength,  Ak  - 
2ki  -  (where  k^  and  k2  are  the  laser  wave  vector  and  second-harmonic 


wave  vector  in  the  medium) ,  and  L  is  the  thickness  of  a  lamella. 

In  our  experiments 

-  2.66  x  1012  erg/sec  (2.66  x  103  Watts,  measured) 

*  2it/A2  •  3.31  x  10^  cm“^  (calculated) 

X2  ■  4.26  x  10*"^  cm^^  erg  (calculated 
—  2  2 

■  3  x  10  4  cn  (measured) 

A^  *  (approximation  for  these  calculations) 
c  *  2.99  x  10^®  cm/sec 
n2  -  1.35  (ICT  Vol.  7,  p.  14) 

Ak  -  (2u/c)(n2  -  nx)  -  (2uj/c)  (0. 018)  -  5.96  x  103  cm_1 
(ICT,  Vol.  7,  p.  14) 

L  *  2  x  10'A  cm  (assumption  based  on  Maurice,  1969,  pp. 
295-300). 

With  these  parameters  we  obtain 
Ccp  -  4.9  x  10"12 


for  a  single  model  lamella 
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f.  Ccp  for  the  whole  corneal  stroma 

We  shall  assume  that  second-harmonic  generation  occurs  inde¬ 
pendently  in  each  lamella  and  that  the  relative  phase  of  the  radiation 
from  the  various  lamellae  is  random.  Based  on  this,  we  shall  assume 
that  the  second-harmonic  power  from  each  lamella  is  additive  to  yield 
the  total  radiated  power  from  the  cornea.  Maurice  has  stated  that 
the  human  cornea  is  at  least  200  lamellae  thick  (Maurice,  1969,  p.  297), 
We  have  estimated  the  number  of  lamellae  in  thickness  of  the  rabbit 
cornea  to  be  between  150  and  200.  We  shall  assume  200  lamellae  for 
the  thickness  of  the  rabbit  cornea.  The  calculated  forward  peak 
power  conversion  efficiency  of  the  rabbit  cornea  is  then: 


^CP3  stroma  “  (CCP} lamella  *  200 


A. 9  x  10"12  x  200 


-  9.8  x  10’ 


g.  Uncertainties  in  the  calculations 

In  these  calculations  we  do  not  have  the  same  difficulties  in 
computing  and  ^  that  we  encountered  in  Chapter  2  when  analyzing 
Terhune's  focused  beam  experiments.  In  our  focused  beam  experiments. 


the  beam  radius  was  about  1mm  at  the  cornea  and  the  beam  was  very 


266 


slowly  divergent  over  the  corneal  thickness.  Thus  we  could  more 
easily  estimate  the  volume  over  which  second-harmonic  generation 
occurred . 

The  serious  uncertainties  in  the  present  calculation  concern: 
the  degree  to  which  corneal  lamellae  can  actually  be  considered 
uniform  non-linear  crystals;  the  assumption  of  independent  harmonic 
generation  with  random  phase  in  each  lamella;  the  assumption  of  the 
dlsperson  of  water  for  the  cornea;  and  the  assumption  that  all 
lamellae  are  the  same  in  thickness.  Some  of  these  assumptions  could 
be  checked  in  further  experiments.  For  example,  if  the  cornea  were 
sectioned  in  layers  of  known  thicknesses,  containing  many  lamella, 
then  the  conversion  efficiency  should  be  proportional  to  the  thickness 
if  second-harmonic  generagion  occurs  independently  in  each  lamella. 

Of  course  the  same  would  be  ture  for  second-harmonic  generation  from 
amorphous  media,  but  a  second  check  involving  the  angular  distribution 
of  second-harmonic  radiation  could  be  used  in  this  case  (see  Chapter 
6). 

The  calculated  value  of  C  is  apparently  denendent  upon  the  as- 

CP 

sumed  dispersion.  The  dispersion  (n^  -  n^)  enters  in  the  factor 
2 

sin  (wtuj  -  n^]L/c) 


where  we  have  assumed  (nj  -  n^)  ■  0.018,  L  *  2  x  10"^  cm, 
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u  •  2,7  x  10^  rad/sec  and  e  ■  2.99  x  10^®  cm/sec.  The  factor 
u)(n2  -  n^)L/C  Is  of  the  order  of  0.3  with  these  parameters.  There¬ 
fore  let  us  approximate  the  above  expression  by 


(o,[n2  -  nj  L/c)‘  ^2  L2 

[ti2  -  n^2  c2 


(Using  this  approximation  results  in  about  a  3.52  error).  Ue  see, 
therefore,  that  because  the  assumed  value  of  L  is  small,  the  assumed 
value  of  -  n^  does  not  critically  affect  the  calculated  value 

of  (CCP) lamella' 

The  assumed  value  of  L  *  2  x  10“^  cm  may  not  be  correct.  If  it 

were  in  error  by  a  factor  of  two,  then  assuming  L  *  4  x  10-^  cm 

yields  a  factor  of  3.6  change  in  the  calculated  value  of  (Ccp) lamella 

and  (C._) 

CP  stroma 

As  we  noted  in  our  calculations  in  Chapter  2,  there  may  be 
significant  uncertainties  in  using  the  equation 


X2  «  \  S  L*(w)  L(2u>) 


in  calculating  X£’  Unfortunately,  there  is  not  enough  information 
to  estimate  the  error  involved  in  using  this  equation. 

The  most  serious  source  of  error  in  our  calculations  is  probably 
the  uncertainty  in  the  oscillator  strength  for  the  peptide  bond.  In 
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Chapter  2  we  showed  chac  the  conversion  efficiency  is  proportional 

to  f^.  In  the  case  of  the  peptide  bond,  only  a  little  more  than  half 

of  the  absorption  band  has  been  measured  (Gratzer  et  al,  1963,  Fig. 

5).  Oscillator  strengths  have  been  estimated  by  assuming  that  the 

absorption  band  is  symmetric  (Ham  and  Platt,  1952).  If  the  value 

of  f  *  0.3  were  in  error  by  as  much  as  plus  or  minus  a  factor  of  2, 

P 

then  the  calculated  value  of  (C  )  could  be  in  error  by  as  much  as 

CP 

plus  or  minus  a  factor  of  8  as  a  result  of  this. 

Combining  the  important  calculated  uncertainties  in  which 

are  a  factor  of  3.6  due  to  L  and  a  factor  of  8  due  to  f  we  obtain  a 

peak  error  of  as  much  as  plus  or  minus  a  factor  of  30  in  (C„^) 
r  r  CP  stroma 

Assuming  (C  )  to  account  for  all  the  conversion  efficiency  of 

CP  stroma 

the  cornea  may  be  in  error  since  we  do  not  know  the  contributions 
from  Bowman's  zone  or  Oescemet's  zone.  We  feel  that  these  contri¬ 
butions  are  small  due  to  the  thinness  of  these  layers.  We  therefore 

shall  use  (C  —  )  _  as  the  value  for  (Crt,)  when  the  cornea  has 

CP  stroma  '  CP1' cornea 

not  been  thermally  transformed. 
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APPENDIX  B 


In  Chis  appendix,  we  shell  perform  an  analytical  estimate  of  the 
forward  conversion  efficiency  of  rabbit  cornea  after  the  collagen 
phase  transformation. 

We  shall  assume  that  the  collagen  of  the  stroma  has  been  com¬ 
pletely  converted  to  a  random  coil  macromolecular  material  that  Is 
uniformly  dispersed  throughout  the  tissue.  The  peptide  bonds  of  the 
random  coil  chains  will  be  taken  to  be  the  microscopic  nonlinear 
oscillators  of  the  tissue.  We  shall  utilize  the  simple  scalar  model 
discussed  in  Chapter  2  for  incoherent  second-harmonic  generation  from 
a  collection  of  independent  randomly  oriented  dipoles  and  assume  that 
this  radiation  is  distributed  uniformly  over  4tt  steradians  of  solid 
angle. 

In  Chapter  2  we  obtained  the  following  expression  (Eq.  57  )  for 
the  total  incoherent  second-harmonic  conversion  efficiency  of  a 
collection  of  Independent  randomly  oriented  second-harmonic  oscillators: 


1024tt2  u)4  .  „  „  2  .4,  ,  .2 . 

- = -  Lt  Bp  L  (w)  L  (2u>)  W 

3c  A, 


(B.l) 


In  Eq.  (B.l),  <*>  is  the  laser  frequency;  is  the  thickness  of  the 
thermally  transformed  cornea;  c  is  the  speed  of  light  in  vacuum; 

A^  is  the  laser  beam  area  in  the  sample  (assumed  to  be  constant); 
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is  the  average  number  density  of  peptide  bonds;  0p  is  the 
second-order  nonlinear  polarizability  of  these  bonds;  L(u)  and 
L(2ui)  are  Lorentz  correction  factors  for  the  local  field;  and 
is  the  laser  peak  power  in  the  sample. 

To  obtain  the  forward  conversion  efficiency  (i.e.  as  would  be 
measured  using  lens  B,  Fig.  4.1),  C^pp,  we  multiply  by  the  ratio 

of  the  solid  angle,  Q,  subtended  by  lens  B  with  respect  to  the  sample 
(Fig.  4.1)  to  4ir  steradians: 

CIPF  “  CIP  W  (-3,2^ 


where 


fl  -  2tt  (1  -  cos  8) 


(B.3) 


and 


9  ■  half-angle  of  cone  subtended  by  lens  B.  Since  9*8°, 

we  obtain: 

7-  -  5.7  x  10~2  (B.4) 

Mil 

In  Eq.  (B.l)  the  parameters  w,  c,  A^ ,  Bp,  and  will  be  assumed 
to  be  the  same  as  calculated  in  Appendix  A  for  travelling  wave  second- 
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harmonic  generation.  Due  to  increased  light  scattering,  the  bean  area, 
,  may  be  somewhat  larger  in  real  corneas  after  the  phase  trans¬ 
formation  when  compared  to  the  beam  area  in  real,  freshly  excised 
corneas.  We  shall  neglect  this  difference  in  this  appendix.  The 

thickness,  L  ,  of  the  contracted  corneas  was  ^  10'^  era.  We  will 
t 

assume  that  Nyp  was  approximately  the  same  as  the  average  number 
density  of  peptide  bonds  that  was  computed  for  normal  corneas  in 
Appendix  A.  We  base  this  assumption  on  the  fact  that  when  the  corneal 
thickness  increased  on  contraction  (tending  to  lower  N^) ,  the  lateral 
dimensions,  A  and  B  (Fig.  7.3)  decreased  (tending  to  raise  My).  In¬ 
sofar  as  an  order  of  magnitude  estimate  is  concerned,  we  will  assume 
that  the  volume  average  concentration  of  peptide  bonds  in  the  stroma 
was  unchanged  by  the  collagen  phase  transformation. 

Thus  the  parameters  we  shall  use  in  our  calculations  are: 

to  ■  2.7  x  1015  rad/sec 

L  -  lCf 1  cm 

21  3 

Nyp  *  10  peptide  bonds/cm 

Sp  ■  1.5  x  10"'*  cm^^/erg^2 

L(w)  =  L(2tu)  -  1.42 

c  ■  2.99  x  10^  cm/sec 
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«  3  x  10  ^  cm^ 

-  2.66  x  1012  erg/sec 

With  these  parameters  and  assumptions,  we  then  obtain  as  an 
order  of  magnitude  estimate  of  C^: 

C  -  1.2  x  10'U 
IP 

Using  Eq.  (B.2)  and  Eq.  (B.4)  we  can  then  compute  C^pp  for  an  8° 
half-angle  for  collection  which  is: 

CIPF  ’  6'9  *  10"16 

The  following  factors  may  contribute  the  largest  errors  in  the 
above  estimate  of  Cjpy  First,  we  nay  not  be  correct  in  assuming 
**  10  ^  cm  is  the  correct  thickness  of  a  completely  transformed 
cornea.  *  10“^  cm  is  probably  too  small,  however  it  is  probably 

within  a  factor  of  2  of  the  correct  value.  Second,  in  Appendix  A 
we  have  assumed  that  there  are  lamella.  We  calculated  a  spatial 
average  number  density  of  peptide  bonds  NVp  partly  on  the  basis  of 
the  dimensions  of  these  lamellae.  After  the  thermal  phase  trans¬ 
formation,  the  thickness  of  the  cornea  increases  and  the  lateral 
dimensions  decrease,  which  may  mean  that  the  overall  volume  of  the 
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cornea  is  not  appreciably  changed.  On  this  basis  we  therefore  assume 

that  Nyp  is  the  transformed  cornea  is  the  sane  as  in  the  normal 

cornea.  We  estimate  that  the  assumed  value  of  N  for  the  thermally 

VP 

transformed  cornea  is  probably  within  plus  or  minus  a  factor  of  5 
of  the  correct  value.  Third,  as  discussed  in  Appendix  A,  the  assumed 

•y 

value  of  SpZ  may  be  in  error  by  as  much  as  plus  or  minus  a  factor  of 

2 

8  in  normal  cornea.  We  are  assuming  that  Bp  is  unchanged  during 
the  collagen  phase  transformation  in  the  present  calculation.  There¬ 
fore,  we  shall  retain  the  factor  of  8  error  estimate.  Fourth,  the 
assumed  Lorentz  correction  factors  may  contribute  a  smaller  error  in 
an  amorphous  medium,  such  as  thermally  transformed  cornea,  than  in 
normal  cornea.  This  judgment  is  based  on  suggestions  by  Bloembergen 
that  the  local  field  correction  renresented  by  these  factors  may  be 
correct  only  for  certain  cubic  crystals  and  amorphous  media  (Bloembergen, 
1965,  Eq.  3.18).  Fifth,  the  error  in  the  assumption  that  incoherent 
second-harmonic  generation  occurs  uniformly  over  Ait  steradians  may 
be  significant.  There  could  be  a  lobed  structure  to  the  second- 
harmonic  emission  pattern  of  random  coil  collagen  chains.  Some  of 
this  lobed  structure  would  become  diffuse  as  a  result  of  light  scat¬ 
tering  in  the  tissue.  Therefore,  there  is  no  satisfactory  way  to 
estimate  the  error  in  the  ratio  of  collected  second-harmonic  radiation. 

It  seems  reasonable  to  assume  no  more  than  plus  or  minus  an  order  of 
magnitude  error  in  the  assumed  value  of  ^/Air  =»  5.7  x  10-^  in  Eq.  (B.A). 


Flory  has  shown  chat  it  is  necessary  to  heat  tendon  very  slowly 
for  a  complete  transformation  to  the  random  coll  phase  to  occur.  In 
our  studies,  heating  was  rapid,  therefore  a  complete  transformation 
may  not  have  occurred.  In  this  instance,  some  coherent  second- 
harmonic  generation  may  still  be  present  with  our  thermally  trans¬ 
formed  corneas. 

Combining  these  factors  yields  a  final  peak  error  range  of  plus 
a  factor  of  800  and  minus  a  factor  of  400.  We  shall  simplify  this 
result  and  for  convenience  call  the  peak  estimated  error  range  plus 
or  minus  a  factor  of  600. 
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APPENDIX  C 


This  appendix  contains  the  results  of  measurements  of  the 
second-harmonic  conversion  efficiency,  C^p,  for  the  moist,  fresh, 
normal  rabbit  cornea.  The  conversion  efficiency  ^vpp  is  defined  as 
the  ratio  of  the  peak  power  at  2u  collected  in  the  forward  scat¬ 
tering  direction  by  lens  B  (Pig.  4.1)  to  the  incident  peak  power  W 
at  the  cornea.  Using  the  results  in  this  appendix  for  C^p  in  fresh, 
moist,  normal  rabbit  cornea  one  can  compute  C^pp  for  corneas  under 
other  conditions  of  hydration  and  temperature  history  by  consulring 
Table  2  of  Chapter  7. 

a.  Apparatus 

A  freshly  excised  rabbit  cornea  was  mounted  cn  a  glass  slide 
and  moistened  with  aqueous  humor  as  shown  in  Fig.  2  of  Chapter  6. 

The  monitoring  apparatus  and  the  laser  were  arranged  as  shown  in 
Fig.  1  of  Chapter  4. 

b.  Procedure 

Five  laser  pulses  were  used  to  obtain  an  average  value  and 
standard  deviation  of  the  oscilloscope  heights  and  for  the 
laser  and  second-harmonic  pulses  respectively.  The  average  laser 
pulse  height  was  converted  to  the  peak  power  from  a  prior  cali¬ 
bration  of  the  KD1  photodiode  against  a  TRG  ballistic  thermopile  ar.c 
a  measurement  of  the  oscilloscope  pulse  width  (Methods  and  materials, 
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Chapter  4).  The  average  second-harmonic  pulse  height  use  converted  to 
peak  power  by  using  the  manufacturer's  value  of  reaponalvlty  at 
347nm  for  the  1P28  photomultiplier  with  e  correction  for  the  non¬ 
linearity  of  the  photomultiplier  (Methods  and  materials ,  Chapter  4 
and  RCA  Tube  Manual  for  1728  photomultiplier)  and  by  correcting  for 
transmission  losses  between  lens  1  and  the  photomultiplier.  The 
manufacturer's  nominal  responslvl ty  value  of  8.18  *  10*  amp /watt  at 
1  CT  bias  and  347am  wavelength  may  be  incorrect  by  as  much  aa  a 
factor  of  2  for  a  given  photomultiplier.  Me  had  no  facility  by 
which  one  could  accurately  calibrate  the  photoasaltlpller  used  la  these 
studies . 

e.  Transmission  losses 

Xn  order  to  obtain  the  second-harmonic  peak  power  collected  by 
lens  I.  Wjj,  one  must  cake  into  account  the  347nn  transmission  of 
learn  1,  lens  C,  die  copper  sulfate  filter,  and  the  monochromator 
(Pig.  4.1).  These  transmissions  are  denoted  by  T^  •  TgTgj  Tg^; 
end  Th  respectively.  The  system  transmission  at  347ms  will  be 

VcbV 

The  combined  347am  transmission  of  leases  1  and  C  is  T^  •  0.14 
with  aa  estimated  peak  percent  error  of  measurement  of  +  32  (see 
Methods  and  materials.  Chapter  4). 

Estimating  the  347am  transmission  of  the  monochromator  was  dif¬ 
ficult.  Measur ament  of  will  be  considered  la  three  parts.  These 
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are:  eh*  eraasmlsslon  of  eh*  entrance  alit,  eh*  transmission  of  eh* 

•ale  *lle,  and  eha  transmission  of  eh*  internal  mirror  aad  grating 
of  eh*  monochromaeor. 

Th*  approximate  eraaamlasloa  of  eha  aaeraaea  alie  am*  daearmiaad 
a*  follows.  A  He-Me  lasar  waa  placed  In* id*  eha  ruby  lasar  cavity  and 
lea  beam  was  axpaadad  to  almulata  eha  ruby  lasar  baam.  It  waa  aasumed 
chat  eh*  second-ha  nsonlc  forward  lob*  daserlbad  in  Chapear  5  propagated 
as  a  baam  with  •lightly  larger  divergence  than  eha  Ha-Ma  beam.  Lana  B 
imaged  eh*  He»M*  beam  onto  tha  entrance  slit  of  eha  monochromator.  It 
waa  *a tlmatad  by  visual  observation  that  eh*  image  was  slightly  smaller 
Chan  the  slit  opening  (tan  slit  used) .  Th*  estimate  may  be  too  large 
by  aboue  301.  This  larg*  uncertainty  arises  because  the  second-harmonic 
forward  lob*  has  a  larger  divergence  chan  tha  ruby  laser  (Chapter  5) 
and  che  He-N*  beam  divergence  is  not  th*  same  as  th*  ruby  lasar  beam 
divergence.  Imaging  differences  due  to  chromatic  aberration  were 
calculated  to  be  only  aboue  10Z  for  347nm  and  H*-M*  laser  radiation. 
These  effaces  of  image  aberration  were  small  and  were  neglected. 

Th*  approximate  transmission  of  eh*  exic  slit  was  estimated  as 
follows.  A  blue  spectroscopic  line  (near  400nm)  was  selected  from 
a  low  pressure  Hg-Cd  lamp  spectrum  using  glass  f Hears.  This  radi¬ 
ation  was  imaged  at  th*  entrance  slit  of  eh*  monochromator.  Tha 
bandwidth  of  this  line  was  about  0.2am  (see  Chapter  4  Methods  and 
materials  for  manufacturer's  specifications  on  lamp).  Th*  400nm 
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radiation  leaving  eha  axle  slit  was  Monitor ad  with  tha  1P28  photo¬ 
multiplier  whila  tha  antranca  and  axit  silts  wars  sat  to  tha  openings 
usad  to  Monitor  second- harmonic  generation.  Tha  axit  slit  slona  was 
than  wldanad.  Tha  powar  at  tha  photoaul tip liar  was  obsarvad  to 
iacraasa  to  a  final  level  that  was  25Z  highar  than  tha  initial  larval. 
Visual  axamination  showad  tha  inaga  of  tha  antranca  slit  to  ba  tiltad 
with  raspact  to  tha  axit  slit.  No  naans  wars  aval lab la  on  tha 
Monochromator  to  eorract  this.  On  this  basis,  tha  transmission  of 
tha  axit  slit  was  talcan  to  ba  0.75  for  sacond -harmonic  ganaration. 

Tha  arror  in  this  aatlaata  is  probably  small,  and  will  ba  assumed  as 
aero. 

Tha  Internal  components  of  tha  monochromator  consisted  of  a 
mirror  imaging  the  entrance  slit  onto  tha  exit  slit,  and  a  reflection 
gracing,  tfe  shall  assume  tha  mirror  reflectance  to  be  unity.  The 
grating  was  blazed  at  AOOnzn.  This  means  that  at  400nm  there  is  very 
nearly  100Z  reflection  into  a  single  spectral  order.  Tha  reflected 
energy  at  a  wavelength  \  relative  to  tha  reflected  energy  at  the 
blase  wavelength  is  given  by  Klein  (Klein,  1970,  p.  346) 

2  *b 

•in2  *<  -  1) 

l*<  x  ’  X)J2 

which  la  0.92  for  1^  «  400m  and  \  m  347 nm.  Therefore  ve  shall 
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assume  chat  approximately  0.9  of  cha  aaargy  at  347no  iaalda  tha 
monochromator  was  Cranaaittad  Co  tha  axle  slit. 


Tha  nat  transmission  of  tha  monochromator  will  ba  taken  to  be 
tha  product  of  tha  entrance  slit  transmission,  tha  Internal  trans¬ 
mission  and  tha  exit  slit  transmission  which  is  ■  0.68.  The 

error  in  T  cannot  be  exactly  determined  from  our  measurements. 

M 

If  anything,  the  above  value  of  is  too  large.  We  shall  assume 
that  could  be  as  much  as  a  factor  of  2  smaller. 

The  system  transmission  is  T, T _ T  -  T.  Based  on  the  above 

1  CD  M 

analysis, one  obtains  an  estimated  range  for  T  of  5.5  x  10"  ^  <_  T  <_ 

3.4  x  10"2. 

d.  Measurement  of  W^j  and  W^ 

Five  second-harmonic  pulses  gave  an  average  peak  current  of 
12ma  from  the  photomultiplier  with  a  standard  deviation  of  4ma.  Using 
the  manufacturer's  347nm  nominal  current  responsivlty  value  of  6.18  x 
10^  amp/Watt  yields  a  peak  radiant  power  at  347nm  at  the  photomultiplier 
of  1.9  x  10  7  Watts  with  a  standard  deviation  of  6.5  x  10"®  Watts. 

The  second-harmonic  power  incident  at  lens  B  will  be  estimated  as  being 
in  a  range 


1.25  x  10~7 
T 

max 


which  is  based  on  the  relation 


u  .  Pm k  Bowit  at  photomultiplier 
21  T 


Thu* 


3.7  x  10”®  Watts  _<  W2B  <  4,6  x  10“^  Watts 


Tha  laser  peak  power  was  det trained  from  photodiode  and  thermo¬ 
pile  measurements  that  were  taken  before  and  after  the  measurements 
of  second-harmonic  peak  power.  The  average  of  these  measurements  was 
W^  "  2.9  x  10^  Watts  with  a  standard  deviation  of  2.3  x  10®  Watts. 

e.  Measured  peak  power  conversion  efficiency  in  the  forward 
direction,  C^pj. 

The  measured  conversion  efficiency  for  second-harmonic  radiation 
collected  by  lens  B  is  defined  as 


W2B 

°MPF  "  Wx 


We  estimate  as  being  in  the  range 


1.2  x  10”11  <  Cjjpy  <  1.7  x  10”10 


MPT 


The  final  value  of  C, 


spans  a  range  of  about  an  order  of  magnitude. 
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Figure  7.1 

The  general  set-up  for  heating  tendon*.  The 
lead  weight  was  used  to  promote  creep  after 
contraction  of  the  tendon. 


LEAD  WEIGHT 


Figure  7.2 


The  general  set-up  used  for  heating  corneas. 
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Figure  7.3 


The  dimensions  A, 


B,  and  C  defined  in  Che  main  ( 


text  for  a  half -cornea 


Figure  7.4 


The  normalized  length  of  tendon  samples  measured  at  the 
time  of  greatest  contraction  and  then  plotted  as  a  function  of 
water  bath  temperature.  No  contraction  occurred  at  20°C,  50°C,  and 
54aC.  Slight  contraction  at  60®C.  At  65°C  and  68°C  the  samples 
contracted  to  25Z  of  their  original  length.  Creep  followed  con* 
traction.  The  six  samples  used  for  this  graph  were  heated  with  a 
lead  weight  attached.  Curve  was  drawn  free-hand. 

Contraction  near  609C  is  indicative  of  the  collagen  phase 


transformation. 
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Figure  7.5 


Normalized  tendon  length  versus  else  during  the  heating  of  tendons 
above  60*C.  Tendons  hsated  with  the  lead  weight  attached  contracted 
to  a  minimum  length  in  100  seconds.  Tendons  hsatsd  without  the  weight 
attached  contracted  to  a  ainiaua  length  in  lass  then  10  seconds.  Creep 
followed  contraction  in  both  cases. 
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Figure  7.6 


Speoctrophoemaerlc  transmission  of  eh*  tendon  staple*  used 
for  Fit.  7.4  versus  water  bath  temperature.  Transmission  was 
measured  after  heaeinf  and  1/2  hour  of  veeuua  drying  at  room 
tsopsracure.  Transmission  was  higher  ae  694nm  than  it  was  at 
347m.  Transmission  at  both  wavelengths  Increased  after  heating 
to  60*C  or  above.  Xncraaeed  transmission  is  indicative  of  the 
collagen  phase  transformation. 

Curvea  were  drawn  free-hand.  Shape*  were  chosen  partially  on 
the  basis  of  visual  examination  of  the  samples. 
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Figure  7.7 


Relative  forward  scactarad  second-harmonic  conversion  affleiaacy 
versus  relative  laaar  pack  power  H^,  for  cha  tendon  samples  used 
for  Figs.  5.4  and  5.6.  C  is  defined  as  tha  ratio  of  oscilloscope 
pulse  heights  obtained  with  tha  apparatus  used  in  Fig.  4.1. 

H2  is  tha  second-harmonic  pulse  height  and  is  the  laser  pulse 
height  in  arbitrary  units. 

Each  data  point  is  labelled  with  tha  teaperature  to  which  tha 
tendon  has  bean  heated.  C^j.  was  evidently  lower  for  tendons  heated 
above  60°C.  Tha  straight  lines  A  and  B  are  regression  lines  fitted 
to  tha  data  for  T  £  608C  and  T  >  60° C  respectively.  The  slope  of 
line  A  is  0.95  and  the  slope  of  line  3  is  0.029.  This  difference 
in  slope  is  taken  to  indicate  that  a  decrease  in  occurred  when 

tendons  were  heated  above  the  collagen  phase  transformation  tempera- 
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figure  7.8 


Length  of  chorda  A  and  B  (fig/  7.3)  of  corneal  sample  after  heating 
to  indicated  temperatures.  So -contraction  occurred  below  57*0, 
Contraction  was  evident  at  64®C  and  69®C.  Contraction  near  60°C 
is  indicative  of  the  collagen  phase  transformation. 
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TEMPERATURE  -  8C 


Figure  7.9 


Spectropho  com  trie  'ran  emission  of  corneal  s  sap  Is  used  for 
Fig.  7.8  versus  vs ter  bsth  tempers  cure.  Only  347nm  trsnsaission 
was  monitored . 

Data  enclosed  in  squares  represents  transmission  "Immediately" 
after  sample  was  withdrawn  from  bath.  Data  enclosed  by  circles  is 
transmission  after  vacuum  drying  at  room  temperature  to  adjust  the 
transmission  to  ^  17Z. 

Decrease  in  transmission  between  50°C  and  60°C  may  be  due  to 
denaturatlon  of  non-collagen  protein.  Increase  in  transmission 
above  6Q°C  may  be  due  to  the  collagen  phase  transf onaation. 
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Figure  7.10 

Relative  forward  sea cored  second-harmonic  conversion  efficiency 
versus  relative  laser  peak  power,  for  Che  corneal  sample 
used  in  Figs.  7.8  and  7.9. 

Each  data  point  is  labelled  wich  the  tanperature  to  which  the 

cornea  had  been  heated.  C  was  evidently  lower  after  heating  the 
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cornea  above  6Q°C.  The  straight  lines  C  and  D  are  regression  lines 
fitted  to  the  data  for  T  <,  57*C  and  T  >  57°C  respectively.  The  slope 
of  line  C  is  1.04  and  the  slope  of  line  0  is  0.092.  (These  slopes 
should  not  be  directly  coopered  with  those  in  Fig.  7.7  as  different 
scales  were  used).  The  difference  in  slope  between  lines  C  and  D  is 
taken  to  indicate  that  a  decrease  in  C.__  occurred  when  the  cornea 

i 

was  heated  above  the  collagen  phase  transformation  temperature 
(T  »  60aC) . 
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Figure  7.11 


Schematic  of  model  lamella*  and  nodal  corn**.  Each  lamella  is  an 
infinite  plan*  slab,  2u  In  thickness.  Saparation  between  lamella 
la  irregular.  Total  number  of  model  lamella  in  model  rabbit  cornea 
la  '200. 
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IRREGULAR  SPACES 
BETWEEN  LAMELLAE 


Figure  7.12 


(a)  Schematic  of  a  single  strand  of  the  collagen  molecule  showing 
the  coiled  helix  conformation.  The  circles  denote  the  amino 
acid  positions.  There  is  a  peptide  link  between  each  amino  acid. 

(b)  Schematic  of  a  segment  of  the  three-stranded  collagen  molecule. 
Only  the  backbones  of  the  separate  strands  are  depicted.  Three 
peptide  link  locations  (P^,  P2  and  P^)  are  shown  within  a  2.8A 
segment  of  the  molecule. 

(c)  A  single  rigid-rod  collagen  molecule  is  shown  to  the  upper 
left.  Such  molecules  are  bundled  together  to  form  fibrils  as 
indicated  to  the  lower  right.  The  fibril  diameter  shown  is  for 
corneas.  The  insert  to  the  lower  left  shows  an  end  view  of  the 
assumed  packing  of  molecules  in  the  fibril. 
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Table  1  -  Tendons 


Temperature 

History* 

Hydration 
during  irrad. 

Optical  Trans, 
during  irrad. 

SlRF 

v  formalized**) 

347na 

694nm 

Below  60*C 

Moist  (fresh) 

21 

201 

0.01  -  0.05 

Below  60*Ct 

Dry 

301 

501 

1.0 

Above  60 ®C 

Moist 

351 

801 

0.01  -  0.05 

Above  60*Ct 

Dry 

851 

951 

0.03 

*  The  collagen 'phase  transformation  occurred  between  60°C  and  65°C 
as  evidenced  by  the  contraction  of  the  tissue  (Fig.  4.  ). 

**  S®F  in  Chis  co^unn  1133  *>een  normalized  to  a  magnitude  of  unity 
for  dry  tendon  below  60°C. 


t  These  are  the  six  tendons  discussed  in  detail  in  the  main  text 


Table  2 


Cornea* 


Temperature 

His tory* 

Hydration 
during  irrad. 

Optical  Trans, 
during  irrad. 
347nm 

Star 

(Normalized**) 

20*Ct 

Moist  (fresh) 

60Z 

5 

20*C  -  50*C 

Hydra tad 
(excess  HjO) 

11Z 

0.1 

20*C  -  50*C 

Dried  after  heating 

70Z 

5 

Above  63*C 

Dried  after  heating 

10Z 

0.1 

•  20*C  -  50*C 

Adjusted*** 

17Z 

1.0 

50*C  -  63*C 

Adjusted 

17Z 

1.0 

Above  63 *C 

Adjusted 

17Z 

0.1 

*  The  collagen  phase  transformation  occurred  bewteen  60*C  and  63*C 
as  evidenced  by  the  contraction  of  the  tissue. 

**  SlRF  in  this  column  has  been  normalized  to  unity  for  corneas  vlth 
17Z  transmission  at  347nm  (partially  hydrated)  that  had  been 
"heated”  at  20#C 

t  The  first  four  rows  are  data  summaries  for  a  number  of  different 
corneas . 

***  "Adjusted"  hydration  means  that  a  fully  hydrated  cornea  was  partially 
dried  in  vacuum  at  20*C  following  heating  until  the  347nm  trans¬ 
mission  rose  to  17Z.  This  cornea  is  discussed  in  detail  in  the  main  text. 
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Laser  Radiation",  May,  1968 

16.  New  England  Chapter  Health  Physics  Society,  "Biological  Effects  and  Hazards 
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on  Fundamentals  of  Non-Ionizing  Radiation  Protection,  Northeastern 
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30.  S.  Fine,  Lasers  in  Industry,  Associated  Hazards  and  Protection,  National 

Safety  Congress,  Chicago,  Illinois,  October  28,  1970 

31.  S.  Fine,  Non- invasive  Testing  in  Medicine,  I.E.E.E.  group  on  Engineering 
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32.  S.  Fine,  Uses  and  Hazards  of  Laser  Radiation  in  Industry  and  in  Atmospheric 

Pollution  Studies,  24th  AMA  Clinical  Convention,  Boston,  Massachusetts, 
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33.  S.  Fine,  "Bioengineering",  Massachusetts  Epsilon  Chapter,  Tau  Beta  Pi 

(Northeastern  University),  September,  1969 
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34.  S.  Fine,  "Laser  Biology",  in  Laser  Fundamentals  and  Applications 

course,  Polytechnic  Institute  of  Brooklyn  Graduate  Center, 
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35.  S.  Fine  and  E.  Klein,  "Biological  Effects  of  Laser  Radiation,"  the 

Theobald  Smith  Society,  New  Jersey,  October,  1969 

36.  S.  Fine,  "Lasers--Biological  Effects  and  Medical  Applications," 

Society  of  Photo-optical  Instrumentation  Engineers  Meeting, 
co-sponsored  by  the  University  of  Rochester  Institute  of 
Optics,  Rochester,  New  York,  November,  1969 

37.  S.  Fine,  Session  Chairman,  Laser  and  Ultraviolet  Contributed  Papers, 

Fourth  Annual  Midyear  Topical  Symposium,  Health  Physics  Society 
Meeting,  Louisville,  Kentucky,  January  28-30,  1970 

38.  S.  Fine,  Lasers  in  Industry,  Associated  Hazards  and  Protection,  National 

Safety  Congress,  Chicago,  Illinois,  October  28,  1970 

39.  S.  Fine,  Non-invasive  Testing  in  Medicine,  I.E.E.E.  group  on 

Engineering  in  Biology  and  Medicine,  Boston,  Massachusetts, 

November,  1970 

40.  S.  Fine,  Uses  and  Hazards  of  Laser  Radiation  in  Industry  and  in  Atmospheric 

Pollution  Studies,  24th  AMA  Clinical  Convention,  Boston,  Massachusetts, 
November  30,  1970 

41.  S.  Fine,  "Lasers  in  Biology  and  Medicine,"  in  course  on  Lasers  and 

Optics  for  Applications,  Massachusetts  Institute  of  Technology, 
Cambridge,  Massachusetts,  July  30,  1971 

42.  S.  Fine,  Guest  Lecturer  in  Graduate  Course  2.77,  "Biological  Effects 

and  Medical  Applications  on  Non-Ionizing  Radiation,"  Fall,  1971, 
Massachusetts  Institute  of  Technology 

43.  S.  Fine,  "Medical  Applications,  Research  and  Safety,"  Boston  Section 

I.E.E.E.  1972  Lecture  Series,  February,  1972 

44.  S.  Fine,  "Lasers  in  Biology  and  Medicine,"  a  course  on  lasers  and 

optics  for  application,  M.I.T.,  July,  1972 

45.  S.  Fine,  "Biological  Effects  and  Medical  Applications  on  Non- Ionizing 

Radiation,"  guest  lecturer  for  several  sessions  in  graduate  course 
2.77,  M.I.T.,  1972-1973 

46.  S.  Fine,  "Biological  Effects  and  Medical  Applications  of  Non-Ionizing 

Radiation,"  guest  lecturer  in  graduate  course  at  M.I.T.,  1973-9974 

47.  S.  Fine,  lectured  at  Raytheon  Research  Laboratory  on  Electrical  Hazards 

and  Emergency  Management  of  Accidents,  1974 

48.  S.  Fine,  "Biological  Effects  and  Medical  Applications  of  Non-Ionizing 

Radiation",  guest  lecturer  in  summer  session  course,  M.I.T., 

July,  1975 
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Most  other  conferences  In  which  abstracts  or  papers  were  published 
are  Includid  In  the  preceding  bibliography. 
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0.  Laser-Related  Conference  Organization  and  Planning;  Pertinent  to  Contract 

1.  Boston  Laser  Conference,  1963 

2.  Boston  Laser  Conference,  1964 

3.  Institute  of  Electrical  and  Electronics  Engineers  -  Member, 

NEREM  Program  Committee,  1965 

4.  Institute  of  Electrical  and  Electronics  Engineers  -  Member, 

NEREM  Program  Committee,  1966 

5.  American  Association  for  the  Advancement  of  Science  -  Session  Organizer 

and  Chairman  of  Session  on  Biological  Effects  of  Laser  Radiation, 
1966 

6.  Laser  Industry  Association  Convention,  October  24-26,  1968 

7.  Course  on  "Fundamentals  of  Laser  Radiation  Protection"  given  to 

personnel  of  U.S.  Department  of  Health,  Education  and  Welfare, 

1968 

8.  Member,  program  planning  committee  on  seminar  series  in  applications 

of  physical  chemical  techniques  in  Biology  and  Medicine,  EMB, 

IEEE,  Boston  Section,  1969 

9.  Laser  Industry  Association  Meeting  -  Los  Angeles,  California,  October 

20-22,  1969 

10.  Electro-Optical  System  Design  Conference,  September  22-24,  1970, 

New  York  Coliseum.  Planning  of  sessions,  session  organization 
and  chairman. 

11.  Major  participant  in  the  organization,  planning,  and  instruction  of 

personnel,  and  field  work  related  to  the  first  major  survey  on 
lasers  and  laser  devices  in  the  United  States  which  was  carried 
out  be  the  State  of  Massachusetts  and  Occupational  Health  and 
Radiological  Health,  H.E.W.,  1968. 
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